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A magnetohydrodynamic interaction is applied 
to the driver gas behind a shock propagating along a 
) 
constant area tube in order to accelerate the shock. 
It is found that in the expansion fan, which 
usually matches the driver gas conditions to the shock 
heated gas condi tion.s, the expanded part is more 
favourable to shock acceleru:tion y \lliD means than the 
unexpanded part by reason both of the maximum acceler-
ation which may be achieved and of the current required 
to produce a given acceleration. 
The variation of current and magnetic field 
is determined, which, applied to the expansion fan as 
it passes through the interaction region, maintains the 
shock speed constant after it has been accelerated. 
To demonstrate the feasibility of this method of 
acceleration the results of some experiments are 
presented in which Mach speeds of shocks have been 
increased from Ml7 to M22 . 
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II TRODUCTION 
It is possible to produce a large range of 
shock strengths and hence temperatures using various 
types of shock tubesa Speeds are attainable in shock 
tubes e~ploying burst diaphrams up to about M 301 0 
Arc driven shock tubes extend this to about M 40 2 and 
electromagnetic shock tubes carry it to perhaps M 2003 0 
In general an increase in the possible shock speed in 
a particular device goes with a decrease in the gas 
density ahead of the shock and this is broadly true 
from one device to another. 
Thus a techniq_ue which boosted the performance 
of a shock tube capable of J\ 22 shoe cs would represent· 
a real advantage if it produced greater shock speeds at 
densities higher than those available in other types of 
shock tubes which are capable of higher speedso Also, 
electromagnetic shock tubes have not yet produced a 
homogeneous gas sample behind the shock. This defect 
is not shared by the free piston shock tube so that 
boosting the lower speeds produced in it is valuable 
provided the gas sample is not losta 
Electromagnetic acceleration of the gas behind 
the shock has been considered4 and described5 under 
viii 
ci· cumstances of steady flowo The Magnetic Annular 
Arc 6 ' 7 has been found successful in boosting the 
performance of the shock tubeo This device was 
developed to overcome the problem of energy loss in 
the driver due to radiationo Such energy loss is 
the limiting factor in the operation of shock tubes 
employing high temperature driver gaseso 
It will be shown (in Section 4. 4) that more 
acceleration may be obtained from application of an 
l\!IHD interaction if the gas is first allowed to expand 
and so incree.se its velocity. The gas is allowed 
to accelerate in an unsteady expansion since with a 
given pressure reduction this imparts a greater 
velocity than does a steady expansion o 
Figo (i) shows a shock tube geometry and an 
x - ~ ( distance- time ) diagram of its operationo 
Reasons fo r the choice of this geometry will be discussed 
in Chapter lo An incident shock enters the area 
reduction and a reflected shock forms and travels back 
in the negative x - direction . The diaphragm at x = 0 
ruptures at time "t = 0 and a shock propagates in the 
ix 
x - direction . Behind it is a contact surface and a 
centred expansion which matches the velocity and pressure 
behind the shock to the gas conditions remaining after 
reflection of the incident shocko The gas flow at 
x = 0 is sonic so thnt the terminating negative 
characteristic of the expansion fa.n is stationaryo 
Electromagnetic acceleration may be applied 
at different points in the centred expansiono If 
applied at a point such as (i) in the x -?: diagram, the 
gas has comparatively low velocity, is just supersonic, 
and has high density , temperature and conductivityo The 
gas properties are almost constant with time and the 
interaction must be also if it is to have a constant 
effect on the primary shock fronto If the interaction 
is applied at a point such as (ii), the ~aas 0 velocity 
and Mach number are higher, the density, temperature 
and conductivity are lower. Again the interaction is 
constant which has a constant effect on the primary 
shock front. It may continue until gas in the 
expansion (iii) participates. If it is to produce a 
constant primary shock speed in this case, the strength 
of the interaction must in general vary with timeo 
X 
This study will compare these types of 
acceleration and determine which is most favourable to 
shock acceleration. It will be shown that region (ii) 
results in the greatest possible acceleration of the 
shock front, and also in the greatest acceleration 
of the shock for a given strength of interactiono It 
will be argued that continuation of the interaction into 
region (iii) maintains the shock speed constant for an 
extended periods, and the necessary variation of the 
interaction parameters will be describedo 
The study will proceed in the following 
Chapters: 
1. The assumed geometry of the shock tube will be 
described and the assumptions regarding it 
underlying the following analysis will be 
set out. 
2o The gas model to be used will be presented and 
some thermodynamic relations based on it will 
be derivedo 
3. Equations describin6 magnetohydrodynamic inter-
actions in rectangular channels will be solved 
using the gas model developed in Chapter 2o 
xi 
4o The effect of the interaction on the flow up-
and down-stream from it will be examined and 
this will yield criteria for a choice from 
the regimes of fig. (i) of the most favourable 
to accelerating the shock fronto 
5. The relations derived in Chapters 2 and 3 will 
be used to determine the current and magnetic 
field which, applied across the unsteady 
expansion , ensure a constant velocity at the 
shock front. 
6. An experiment will be described which demonstrates 
the feasibi~ity of accelerating shocks in the 
manner described in Chapter 5o 
7o Conclusiono 
1. SHOCK TUBE GEOMETRY 
Much of the theory to be developed in the 
) 
following chapters relates to interactions between 
electromagnetic fields and unsteady expansions of 
partially ionised gases. The present chapter describes 
the type of unsteady expansions referred to in the later 
chapters. 
1.1 Expansions in Constant Area Tubeso 
A one-dimensional unsteady expansion may be 
generated in a tube by the sudden removal of a diaphragm 
separating gases of differ ent pressures. Fig. 1.1.1 
illustrates the phenomenon in a tube of uniform cross 
section. A shock propagat es into the gas of lower 
pressure, heating and compressing it. A centred, 
isentropic, unsteady expansion forms radiating from the 
point and time of initiation of the action (x = O, ~ = O). 
The negative chara cteristics of the expansion 
fan shown in fig. 1.1.1 are defined by 
dx 
dt 
where q i s the local gas particle velocity, 
and a is the local acoustic velocity. 
It is evident that, since 
at x = 0 is described by 
t he vertical characteristic 
Jx - 0 
dt ' 
2 
the gas flow at x = 0 is sonic at all times. It will be 
seen in Section 2.5 that the gas properties are constant 
along negative characteristics in a region adjacent to a 
region in uniform flow (as in figo 1.1.l)o Thus the 
properties of the gas passing a station at a position x1 
(x1 > O), initially change rapidly as the shock sweeps 
past, and after a time approach constant values. In 
particular, as the gas participating in the expansion 
passes x1 , its density, temperature, pressure and acoustic 
velocity all increase asymptotically to their values 
along the line x = O, and the velocity decreases asymp-
totically to the sonic velocity along x = Oo 
1.2 Expansions with Tube Area Changes. 
The above conclusions may be generalised by 
the inclusion of the effect of a change in the tube 
diameter at the point x = 0 as shown in fig. (i). In 
this case the x - ~ diagram in fig. lol.l is altered, 
but the basic pattern remains. The high pressure termin-
ating characteristic propagates in the negative x-direction 
and the shock, contact surface and low pressure terminating 
characteristic propagate in the positive x-direction. A 
centred, unsteady expansion exists showing that the gas 
velocity is sonic at x = O, and the gas propert·es at 
x1 increase asymptotically to their values along the line 
x = O, with the exception of velocity, which decreases 
3 
to its value along x = O. It is evident that conclusions 
based on the above qualitative description of gas properties 
at x1 are unaffected by whether the tube at x = 0 is of 
uniform cross section, as in fig. 1.1.1, or narrows, as in 
figo (i) • 
If the tube narrows and widens again, as in 
fig. 1.2.1, the downstream flow after removal of the 
diaphragm becomes supersonic, and a high pressure terminating 
I 
characteristic propagates upstream, relative to the gas 
velocity, but is swept downstream by the supersonic flow. 
There is also an unsteady expansion upstream of the nozzle, 
with which this discussion is not concerned. 
Once again changes in gas properties at the 
station x1 may be described in the same terms as before, 
except that at a time ,;: corresponding to the instant 
when the high pressure terminating characteristic passes 
x1 , the flow becomes uniform and gas properties become 
constant with timeo 
There remains the possibility that the nozzle 
illustrated in fig. lo2.l should have such a large downstream 
area increase that no expansion fan exists. A shock may 
propagate upstream relative to the gas. It would be swept 
downstream away from the nozzle . This possibility lies 
outside the subject matter of the present work, of which 
4 
the interest is the production of an expansion fan. 
lo3 Conclusion 
Thus an expansion fan may be generated in a 
straight tube by the sudden removal of a diaphragm 
separating a high pressure gas from a low pressure gas. 
The shape of the expansion fan on an x - 'r diagram 
depends upon whether the cross sectional area of the tube 
is constant, becomes smaller at the diaphragm, or contains 
a convergent --divergent no z:,l e at the diaphiugm. In all 
cases , however , the properties of the gas in the expansion, 
as it flows past a point downstream of the position of the 
diaphragm, vary with time such that pressure, temperature 
and density increase asymptotically towards their values 
at the diaphragm position, and velocity decreases asymp-
totically towards sonic velocity, subject to the proviso 
that in the presence of the convergent-divergent nozzle, 
the change8 1 may1_ cease abruptly after a time and the gas 
properties will remain constant for the duration of the 
fl ow. 
In chapters 4 and 5 some conclusions will be 
drawn from the fact that the gas properties vary in this 
way . Although reference will be made to the converging 
tube geometry of fig. (i), this involves no loss of 
generality , because the expansion which results from that 
'• 
5 
geometry does not differ in any respect _essential to the 
discussion in chapters 4 and 5, from the expansion with 
no tube area change or that with a convergent-divergent 
area change. 
1.4 Choice of Experimental Geometry. 
There is an advantage to be had from the use 
of a convergent area change. In the experimental shock 
tube the expansion was generated by the method described 
in the Introduction and illustrated in fig. (i). An 
initial shock is produced in the larger cross sectioned 
tube. It is reflected at the transition to a smaller 
cross section leaving the gas upstream of the transition 
approximately at rest. This gas bursts the diaphragm (as 
its pressure is higher than that prior to shock reflection) 
and expands into the narrower cross sectioned tube. It 
has been shown8 that such a constriction increases the 
strength of the shock and is therefore consistent with 
the aims of this project. 
2 • THERIVI O DYN AIVII CS 
2 . 1 . Equation of State 
The model chosen is an adaption of the singly 
dissociating gas of M. Jo Lighthill9 o The gas is assumed 
to be monatomic and singly ionisingo Ions , electrons and 
atoms are separately calorifically perfect monatomic gas@s 
The partially ionised e as behaves as a mixture whose 
composition varies with pres sure and temperatureo 
the gas is in equilibrium the equation of state is 
When 
( 2o lo 1 ) 
where p is the pressure. 
~ is the densityo 
Q(. is the fra ction of the number of ions 
to the number of ions and neutral atomso 
R is the gas constant of the un-ionised gaso 
T is the absolute temperature o 
The law of mass action applied to this gas model 
y ields the Saha equation 
~"1. 
I - 01/· 
where K is approximately constant and depends 
on the internal partition functions of 
the neutral gas atoms and their singly 
charged ions o 
I the energy of first ionisation of the 
atoms o 
k is Boltzmann's constant . 
e is the base of the natural logaritbmo 
A non dimensional temperature parameter may 
be defined by 
t k T --I (2o lo 3) 
Equations (2~1.1) and (2ol. 3) together give 
P = e ( \ -+ t<) i t (2o lo 4) 
where i is the ionisation energy per atom 
per unit mass o 
Equations ( 2olo2 ) and (2olo3) together give 
2 5 'S I t2 --(X k ( l)z t ; (2o 5) - - Q. lo \-tx2. k p 
Equations ( 2. 1 .4) and ( 2 .1.5) together give an 
alternate form of the Saha equation: 
~ 3 
' K I§ t2 --o( Q. t =-.- (-)2 
- ( 20 lo 6) I- ex 11 k ~ 
8 
2 . 2 . Internal Energy and Enthalpy . 
The gas described in Section 2. 1 has internal 
energy u per unit mass given by 
~ (I+ °')it ' u = + {, Cl.. ( 2 o 2 . 1 ) 
and enthalpy h per unit mass 
h u p - + -e 
h f c \ + ix)t t + . or =. t 0( ( 2 o 2o 3) 
2o 3 o Isentropic Relations between Temperature and 
Ionisationo 
From the definition of entropy , 
ds = ( 2o Jo 1) 
wheres is entropy per unit mass, 
it may be proved by 1 differentiating e~uations (2 . 106) 
and ( 2 . 2 . 1 ) that in an isentropic process 
t ==- l + t}/. Co - 2 ~ - 2 In~ 2. l-O< 
where C is a constanto 
0 
9 
2o 4. The Speed of Sound in a Perfect, Ionising Gas. 
By definition 
2. 
a 
-
dP 
d~ s 
where a is the sonic velocity 
(2. 4. 1) 
Differentiating eqns. (2.lo5) and (2.106) with respect 
to~ along isentropic paths, and dividing one result by 
the other gives 
dPI _ p o<(l-1><2)( {t + I) - 2t2 # 1 s 
des- e D( c,-l)( .. )ll t + 1) -(2-e<J<1~~)t'2 ~t I - < 2• 4• 2) 
s 
.,4E!__I is found by differentiating eqn. (2.3.2) to be 
dt S 
d« 
-dt 6 -
( 2o 4. 2) ~ (1-«X it+ 1) + zt 
When eqns. (2.4.2) and (2.4.3) are combined there 
results 
(2. 4. 4) 
10 
It is convenient to define two thermodynamic variables 
(2o 4o 5) 
and 
(2. 4o 6) 
Then combining eqnso (2.4.4) to (2.4.6) gives 
r,'l.. - p 
V\ - T (B-A) (2. 4o 7) 
Comparison of eqn. (204.7) with the non-ionising perfect 
gas result 
2 
a - ( 2. 4o 8) 
' indicates that the part of~ is taken by the quantity(&-~, 
If« falls to a low value, this quantity approaches a 
value off which is correct for a monatomic gas. When« 
is not close to zero and tis small compared with unity,(;A) 
is close to unity. 
11 
2. 5. The Unsteady Isentropic Expansion. 
Considerations of mass, momentum and entropy 
conservation in an unsteady expansion in a constant area 
duct lead to the conclusions that 
(2o 5. 1) 
al n Mah ine <negative h at ri tic~ defined by 
-
-
• 
' 
(2. 5o 2) 
and (2. 5o 3) 
along Mach lines (positive characteristics) defined by 
., 
-
-
where q is the gas velocity. 
x is position along the duct. 
't' is time. 
C20 5. 4) 
12 
I f the unsteady expansion is adjacent to a 
resion in steady flow all positive characteristics enter 
this region. Then the negative characteristics are 
straight lines on an x - ~ di::1gram in a region adjacent to 
a region of steady flow and the gas pro~erties 
are constn .. nt along such negative characteristics(J It 
follows that eqn . (2.5.3) is true along all lines on 
the x - 't' d.iagrarn in the flow o 
In such a flow eqn. ( 2 o 5 o 3) may be integrat .. d 
graphically using eqnso (2o3o2)' (2olo6) and (2o4o4) 0 
3o MAGNETOHYDRODYNAMIC ACCELERATION 
Figo 3.1.1 illustrates a duct in which 
conducting gas is flowing. Mutually at right angles 
to the flow and to one another are a magnetic field B 
and an electric field E. Currents flow in the gas 
with a current density j. Subscripts indicate 
components of the electromagnetic quantities in the 
x, y and z directions. The component of current which 
participates in producing an electromagnetic thrust 
is jy, and the component jx is a Hall currento This 
geometry has been described by Turcott10 and Sutton 
and Sherman11 • In this chapter it will be studied 
for its effect on the gas flow. 
3o 1. MHD Equations for Cross Field Acceleratorso 
The electric field in figo 3olol is maintained 
by continuous electrodes in the walls parallel to the 
x-z plane. There is therefore no Hall voltage Ex• 
Although the theory derived in this chapter will be 
applied to an unsteady expansion, it is assumed here 
that the gas flow is steady because changes in gas 
properties in an electrode length due to gradients in 
the expansion are smallo 
14 
The steady state mass conservation law for a 
duct of constant cross section is 
d ~ (eq) = o 
The equation of motion is 
d? 
dx ·+ J. B. y z 
The energy balance equation is 
Ohm's law gives 
(3. 1. 1) 
(3. lo 2) 
(3. 1. 3) 
(3. 1. 4) 
where cr- 1 is the ratio of the component of current 
density in the direction of the electric field which 
gives rise to it, and the electric field. When the gas 
I 
is comparatively dense, 0- is equal to the scalar 
conductivity <:r • In gases so rarefied, or in magnetic 
fields so intense, that the electron cyclotron frequency 
is comparable with the frequency of collisions between 
electrons and the other particles , the value of cr is 
modified by Hall effect. In this case, 
15 
l a- (3. (f 
+ (µo..)1-
where Ha is the Hall parameter . It is given by 
Ha - w ( 3. -
'V 
· where w is the electron cyclotron angular velocity 
and 
v is the collision freQUency of the electrons 
with the other particles. 
EQn. (3.1.5) is accurate only provided that 
1. 5) 
1. 6) 
Ha is small . When it becomes large, the electron current 
is reduced, and the ion current, assumed to be negligible 
in the derivation of eQn. (3.1.5), may no longer be 
negligible. A criterion for the validity of eQn. (3.1.5) 
is that 
where 
Hae Ha1 < < 1 
Hae is the Hall parameter for electrons as 
defined in eQn. (3.1.6), and 
Ha1 is the Hall parameter for ions. 
The collision freQuency relevant to Ha1 is that of ion-
neutral collisionso Ha1 is always smaller than Hae 
because of the larger ion mass . 
It will be seen in Chapter 6 that in the 
experimental expansions the electron Hall parameter is 
always negligible and therefore ion slip is also ignored. 
It suffices for present purposes to note than methods are 
described in textbooks of magnetohydrodynamics(Ref. 11 
pp . 193 , 393) for including the effects of ion slip in 
calculations of the value of er' • 
The Hall current is 
(3. 1. 7) 
For the equations (3 . 1.1) · and (3 .1.7) to be 
s olvable two more equations which depend on the gas 
properties are needed of the form 
(3. 1. 8) 
(3. 1. 9) 
The above equations are valid and sufficient under the 
following assumptions: 
(i) The gas is inviscid and non heat conducting. 
(ii ) The magnetic field is not significantly changed 
by the currents flowing in the gas. 
(iii) Ion slip may be neglected. 
3 . 2 . "Solutions" for a Non- Ionising Perfect Gas. 
No closed solution exists for eqns. (3.1.1) to 
(3 .1 . 9) . However the rates of change of the parameters 
along the duct in the interaction may be isolated and 
the results are well known10 : 
where 
17 
(3.2.}) 
(3,2.2) 
(3 .2. 3) 
(3.2.4) 
q _ ¥-1 E~ (3 2:s) ,--r 8 
;Jr. 
. l+r M'2 
q2 = 1+ (lf-1) q, (3.1.b) 
(h= t (3.2.1) 
CP is the specific heat at const~nt pressure. 
X is the ratio of the specific heats at 
constant pressure and volume. 
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To derive eqns. (3.2.1) to C3o2.4) use is made of the 
perfect gas equations 
P ~ (> RT C3o 2. 8) 
and ( 3o 2. 9) 
If the equat·ons ar integrat d along x numerically 
C 
the value of U at each point must be calculated since 
it appears as a factor in every equation and consequently 
has a strong influence on the whole flow. 
In a supersonic flow~ is positive and 
dx 
acceleration takes place when q lies between the limits q1 
and q3, i.e. between 40% and 100% of ::_ for a monatomic 
gaso When q is below ql the effect of Ohmic heating is 
to create a back pressure gradient sufficient to overcome 
the electromagnetic thrust . When q is larger than q3 the 
back eomof. qB 2 is greater than the applied field Ey and 
the device generates. Energy lost at the rate of jyEy 
causes the gas to slow. 
In a sub-sonic flow acceleration takes place 
for q outside the range ql to q3. 
19 
This behavior has been represented by Resler 
and Sears12 on a q vs. M diagram reproduced as figo 3.2.lo 
In the shaded area acceleration is impossibleo The two 
arrows are the "tunnels" through which a process may 
accelerate or decelerate the gas through M = 1 without 
choking. 
3. 3. Solutions for an Ionising, Perfect Gaso 
The solution of MHD flow given in Section 3.2 
applies to a perfect, non-ionising gas which is assumed 
to be electrically conductingo A solution will now be 
found for the singly ionising gas . 
The equations to be solved are: 
The three equations of mass, momentum and energy, eqns. 
(3. lo 1) 
dP 
--dx 
• 
+ J~ B :z. (3o 1. 2) 
(3. 1. 3) 
20 
The three equations from thermodynamics (2ol.4), (2olo5) 
and (2o2.3) are 
? = ~ ( \ + oc)i t 
s 
- K (i-)2 
!5 I 
~ -- -
.i_ e t 
p 
5' . . f 
h = 2 ((+°')it+ ioc 
(2o lo 4) 
(2. 1. 5) 
( 2. 2o 3) 
Eqns. (3.lol) to C3olo3) contain four first order 
differential coefficients, viz. ~~, ~:, ~; and#x, of 
which the last three may be expressed through eqnso 
(2ol.4), (2.lo5) and (2.2.3) as quasi-linear summations 
of two differential coefficients, viz.~~ and~~. When 
this is done there result three quasi-linear simultaneous 
equations in the three unknowns i ~ and i which may be 
solved by standard methods. The three equations are 
(3. 3o 1) 
(3. 3o 2) 
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(3o 3. 3) 
Treating eqns. (3.3.1) to (3o3o3) as linear equations 
with unknowns ~;, sJfx and ~; gives a solution for * in 
the form 
d!i -dx -
l 
D 
D 
(3. 3. 4) 
where 
0 f 2-~ 
- 9 e,{ f--0{) eq-;;2 (h + 1) 
d= • ~p P{~ ({t+ t) (30 3. 5) JljBz. - OC(l-c{.l.) 
~E~ ~qi( {t+l) ~qi { ((+«) 
and 
'2.-o< 
-~q O{(l-~) ~ti (~t+ ,) 
D = 2P I (5 ) (3o 3o 6) - <X(\-o<.4)- p 12. 2t+1 
~q'2 eq i ( {t+ 9 ~qi { (t+oe) 
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Expansion of D shows it to be expressible in 
the form 
where 
'2 
{ t+ 1) 1 
t "2. (3o 3o 8) 
(30 3o 9) 
Algebraic manipulation of these two qu.antities gives that 
which by comparison with eqn. C2o4o4) gives 
N 
Denorn 
2. 
- a (3o 3oll) 
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whence eqn. (3 . 3.7) becomes 
/... s '2 
1. . p 5 t + t>< ( l -o.'. J ( 1.. t + I) ( \ _ M"2) D =- - e qt\, 
()( ( I - 0< ) t 2 
(3. 3.12) 
The determinant D, which forms the denominator 
dcx: 
dx and 
dt 
dx' contains a of the solutions for ~~, 
factor (l-M2 ), and becomes zero when the flow becomes 
sonic . Thus all three quantities become unbounded as 
the flow approaches sonic velocity (unless their numer-
ators should contain the same factoro This will be 
found not to be the case.) This factor has the further 
effect of changing the sign of the determinant D, as 
velocity changes from subsonic to supersonic. Thus it 
will be seen that the velocity gradient depends for its 
sign on whether the velocity is sub, or supersonic. 
The gradients of ~ and t show a slightly different 
behaviour since from each of them may be extracted 
terms which are independent of (1-M2) (eqns. (3.3.21) 
and (3.3.22)). The terms which retain the factor (l-M2) 
behave similarly to ~i· 
The positive factor (I-~) in the denominator 
of Dis not significant. In the solutions for Q-9. dx and 
~! it cancels with the same factor in the determinants 
which form their numeratorso In the solution doc 
-dx it is 
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retained as a factor, but is of no interest. It ensures 
that when 
1 
0 
' When D is expanded and eqn. (3.3.12) is included (3.3.4) 
takes the form 
I 
~-,_  \) 1 q 13 z r3 - [ y A 1 (3. 3.13) 
where A and Bare the quantities defined in eqns. (2.4.5) 
and (2.4.6) 
Both A and Bare always positive . 
Replacing Jy in eqn. (3.3.13) according to eqn. (3.1.4) 
gives 
( 3 . 3 .14- ) 
Eqn . (3e2.14) is similar in f orm to eqno (3.2.1). 
A By writing B in the form 
A 
- (3. 3.15) 
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it may be seen that the second term in the right hand 
side is always positive and that A is less than unity. 
B 
When ionisation disappears, B = 1, A= o4 and eqno (303.14) 
·becomes identical to eqn. (3o2ol) for a monatomic gas. 
The same happens when ionisation is completeo In between, 
! is smaller when tis smallo Thus the lower limit of 
velocity for supersonic acceleration, q = ~ ~, is smaller 
for a gas in which ionisation exists at low V,alues oft, 
than it is for a per ect gaso The reason for this is 
as follows: For such a gas the ratio of specific heats 
is close to unity. If heating at constant volume also 
occurs at nearly constant pressure, then the back pressure 
gradient due to 1 heating in the MHD interaction is not so 
great as it would be in a perfect non-ionising gas in 
which heating at constant volume entails a large increase 
in pressureo Thus the gas may flow at a lower velocity 
before the back pressure gradient limits acceleration. 
The ionising MHD solutions show the same 
characteristics as non-ionising flow and may be described 
in the same way in figo 3o2.lo 
.Ey may be eliminated from Eqn. (30 3014) to give 
dq 
-d }( (3o 3.16) 
2'6 
Eqn. ( 3. 3 .1 6) shows tho.t acceleration v-1j_ll proceed for 
any current dens i ty lesr-3 tha;r.1 
· • B 8-A j~ = CY q z A 
Any current density larger tha.n this increases the pre ssure 
gradient too severely for acceleration to proceedo 
The solution of eq_ns . (3 . 3.1) to (3.3.3) for t: is 
where 
. . ix= (f,/{i)q lq~ ( -C) - ;, c} 
C 
D -
"' ( 1-rxi { ( 1t l\ ~h + 1) - ft, ( ~ t + I) } 
5t'1. + (j. (f-tX)( ! t + 1) 
'2. 
t(c(-'<)t2 f gc,+-~) -i? C~t+ 1)} 
5t2 + t, (!-o<)(; t +I) 
( 3 0 3018 ) 
With e q n s • ( 2 o 4 o 5) to ( 2 o 4 • 7) e q_n o ( 3 o 3 o 18) may be 
written in the form : 
, 
dix -j~ 
ctx = t>(M-:t__() q 
.x(1-tx)t l q B,: (tH) - ~. A~ 
13t1 + cx(1-~)f Clt+1X~t+1)- t1 
+ .. ~ ( l -6( "l.) t ( ~ t +I) 
-5 t).. 4 f:I.. ( I - oc)( ~-t + I) 1 
J2 
~ 
Similarly the solution for dt is 
ct ~ 
d t == r -j ~ t \ 2 t' + o< (I~ 0()( [ t + \) t ~ 
dx Li' '"-l)q 3 t1 + o< i-oc) (it+ 1)(4t + 1) -t \ 
• 
x { 9 Bz ( B-A) - ~~ A }] 
(3o 3.22) 
f!p is found from eqnso C3ol.2) and (3.3.16) to be di 
I • 
j~ = (;~,) (B-~ a { q E2. B-A) - !~A} 
+ . B:.i: 
~ (3. 3. 23) 
An expression will now be found for the 
change of entropy in the interactiono 
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Let the density in a short length t x of the 
MHD intGraction rogion change from ~' to ~2 and let 
the pressure change be from P1 to P2 o Let the pressure 
change in an isentropic process with the same densi t y 
change be P1 to P11 • 
MHD process i s 
Then the entropy change in the 
L\ Q 
T 
where ~ Q is the amount of heat which must be added 
at constant density ~
2 
Lo c.;hcv1ge ·l;hc-=; preusure from P11 
t o P2 o 
Since the addition of heat takes place at 
constant dens i ty it is equal to the change in internal 
energy . For unit mass of 8as , 
• /ls . 3 • 6tx. - 6P + t ( 3 0 3025) . . -2fT T 
The change in pressure Pll to P 2 is 
L\ p dP dP - (f2 - ~) id~ M~Q - ~ S 1 (J o 30 26 ) 
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thus , employing continuity, 
/J.P = - - ia - - q ~ {clP '"~ Cl \ d~ MH I> 
The change i n entropy associated with the pressure change 
alone is 
again employing continuity, this becomes 
Dividing eQn o ( 3 .2 o23 ) by ( 3o3o16 ) gives 
d~ _ P W1 P(M~\) do r,ttto - - Q 13-A + 13 ( q- ~ 5L ) 
\ 8 Bz 
insert ing this in eQno (3o3o28) gives 
'l. l. q - Cl 
A. j~ I { 
B-A- o-'q ~ -
and with eQn . ( 3 . 3 .16) this becomes 
, 2 
cf Sp 3A J~ 
--
-
ct~ 2.(B-A) Tec-'q 
;30 
The entropy change associated with the change 
in el.. is 
ti~ - ~ D.d. 
o( - " T 
To determine dd/MHD it is noted that 
d~ 
. r. e dq ) 
7 \- dx MUD ( .. 3032) 
Eqnso (303.1 6) and (3.3.18), inserted into eqno (3o3o32) 
give 
~ . ~ 
~(t-o<)t{\t+1) l J~ M -I 
- 5t2.of-o<(1-~X[t+ 1)1 (B .. ~),. ~o~Bz. (· A j~ ) 
l\- 8--A a-1qS1.l 
(30 3.33) 
An expression for ~ot will now be foundo 
lA ~ s 
Differentiating the equation of state (2olol) at constant 
entropy gives 
(3. 3.34) 
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The left hand side of eq_n . ( 3 . 3o34 ) is replaced using 
eqns . ( 2 , 4 . 1 ) and ( 2 , 4.7). ~\,; in the right hand side 
i s replaced using eq_no ( 2o4o3 ) o The result is 
v\t{ \ '2. c<(1-C( )t 
- -
cl~ .$ e ls-A. 5t2. + o(c\-b(x ~t+\)2 2. . 
Then c ombining e q_ns o ( 3o3o16 ), (3o 3o33 ), 
e q_n . ( 3 .3o 31 ) gives 
,1 
~Sb( . bl(l-()(1.) t ( l t +1) j~ 
' 
~ 
- tl (ls- A) cl-;. rs·t:i. 0( C ,-bi.Y: \ t + ,) 1.. ~T tr'C\ 
and wi th equation of state this becomes 
. i_ 
As« tX.(l- oZ)( 1 t + l) J~ I 
- ( 3 . 3036 ) clx ~ t}-+ ()( l \-(>:')( ;: t + \)l. T cr'q ~ (_8 - A) 
Then e q_ns . ( 3 . 3 . 30) and ( 3o3 . 36 ) together 
give the total entropy change in the TuIHD int er action 
to b e 
.1 
j ~ 
-
-
confirming that the entropy change arises solely by 
virtue of the Joule heating. It is the same as would be 
t he case if there were no compression or expansion due 
to t he electromagnetic pressure gradiento It a c cords 
with more gener al results given in Reference ll o 
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3. 4. Conductivity and Hall Parameter. -
The present Section describes a method for 
' calculating <r • 
Following Lin, Resler and Kantrowitz13, the 
electrical conductivity is considered to be due to 
close encounters and distant encounters between electrons 
and the other particles. Close encounters Aominate in 
th s i htly ion s ed gs and di tant encount er s in ga 
where more ions and electrons are present. The two 
types have comparable influences when~ is of order 10-5. 
The conductivity allowed by the distant 
encounters is given by Spitzer's formula1 4 to be 
(RMKS units) (30 4o 1) 
where.fl is the ratio of the Debye shielding distance 
and the impact parameter for deflection through 90° 
.A. is a function of electron density ne and temperature To 
It has been tabulated by Spitzerl4 and his values ar e 
used in the present calculationso Values used here are 
to some extent unreli able since assumptions used in 
Spitzer 1 s theory break down at densities as high as those 
considered here . However the densities are of the same 
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order as those examined by Lin, Resler and Kantrowitz 
who report experimental verification of the theory-1-3. 
Electron density is given by 
(3. 4. 2) 
The conductivity of a slightly ionised gas 
I 
determined by close eµcounters is given by Chapman 
and Cowling15 to be 
-11 
= 3.8 >'- l0 
'2 
O< e l 
Q 
(RMKS) 
where e is the electronic charge 
(3. 4. 3) 
Q is the cross section for collisions of electrons 
moving through a neutral gas. 
Q is an average over the electron velocity distribution 
based on the Townsend and Bailey mean free path measure-
ments16 and an assumption of Maxwellian velocity 
distribution. It has been calculated by Lin, Resler 
and Kantrowitz13 as a function of temperature. 
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It is assumed that the two types of resistivity 
mechanisms act like two resistors in parallel so that the 
overall conductivity is given by 
\ 
cr = (3. 4o 4) 
Electrical conductivity may be ex.pressed as a 
fun ton of the frequ n yo colli ion of the charge 
carriers (a ssumed to be electrons) with the other 
particles, as 
cr = (30 4o 5) 
where 'Y is the collision frequency o 
Thus from the known values of a- and ne, '\I may be 
calculated. 
6 
'V ==2.B2xto 
_, 
sec (3. 4. 6) 
The cyclotron angular velocity of the electrons 
in a magnetic field is given by 
w = 
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where w is the cyclotron angular velocity 
B is the flux density of the magnetic field . 
From e q_ns. ( 3 • 4 ..-6) and ( 3 • 3 • 7) the Hall 
parameter may be written 
(3. 4. 8) 
When a- and Ha are known, <J may be calculated from 
eqno (3.l.5)o 
3. 5. Acceleration Employing Hall Current 
Figo 3.5.1 illustrates a rectangular duct 
similar to that discussed in Section 3. 1 except that 
the electrodes are segmented and each segment is shorted 
externally to the one opposite it. A potential difference 
is established between the two ends of the interaction 
region . An electric field exists in the x direction but 
not in they direction. A current from the battery flows 
in the x direction and a Hall current flows in they 
direction and in the exte rnal short circuits. If the Hall 
parameter is large, the total current is much greater than 
the battery current. 
and 
36 
The MHD EQuations are 
J. 
{,X)( (~q) 
dP 
dx 
0 (3. 5. 1) 
(3. 5. 2) 
(3. 5. 3) 
(3. 5. 4) 
(3. 5. 5) 
These eQuations are solved in a similar way to those of 
Section 3. 3 with the thermodynamic eQuations (2.1.4), 
(2.1.5) and (2.2.3). 
The solution for 3.9. is dx 
(3. 5. 4) 
The first and third terms in the SQUare brackets 
represent power loss due to magnetic damping and heating 
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of the gas respectively. The middle term ·is the 
accelerating power . 
If c'*/ >> l 
eqn . (3.5.6) factorises to 
u.) I B 
- \)" f\) "2: 
(3o 5. 7) 
(3. 5. 8) 
whi h bea s a close resemblance to eqn. (3.3.14)0 
u.:J The presence of the factor ~ in the right hand side 
suggests that the maximum acceleration possible is 
greater using acceleration by Hall currents than the 
cross field interaction of eqn. (3.3.14) by this factoro 
However this is advantageous only .while 
w 
- > t I\) 
It has been pointed out by others ll, 17 , 18 , that the 
efficiency of the Hall accelerat or is less than that of 
a cross field accelerator because of the heating of the 
gas by the Hall currents. This , while a disadvantage in 
a propulsion device, is not necessarily a disadvantage in 
the application being considered in this work . As will 
be seen in Chapter 4, the heating effect makes a 
contribution to the acceleration of the shock . However 
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it is expected that in the driver gas densities will be 
high and the Hall parameter small o 
The remainder of the present investigation 
will be restricted to consideration of the cross field 
accelerator. 
4 . ACCELERATION OF THE SHOCK FRONT . 
4 . 1 . Appearance of Shocks as Result of the Interaction. 
The initiation of an MI-ID interaction in a gas 
which would otherwise be in steady flow does not in 
general leave the gas in steady flow upstream and down-
stream of the interactiono The effect of the interaction 
will now be studied on a shock which sweeps through the 
interaction followed by supersonic gas in steady flow. 
It will be seen that the MHD interactions considered 
here may accelerate or decelerate the gas behind the 
shock while it is participating in the interaction, but 
that the speed of the shock itself always increases. 
Johnson19 has described interactions which decelerate 
the shock . The interaction commences only when the 
shock enters the electrode region so that the undisturbed 
gas ahead of the shock does not participate in the inter-
actiono No attention will be given to the transient 
setting up pf shocks in the interaction region. A 
method for calculating such transients has been given by 
Johnson19 . This Section proceeds by considering progress-
ively stronger interactions. 
If the current density is less than 
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(from eqn. (303.16)), the gas accelerates.· Under these 
circumstances the MHD effect on the gas is greater than 
the decelerating effect of joule hating. If the pressure 
is increased by the interaction so that the new velocity 
and pressure conform to the shock relations, the gas 
downstream behind the shock will be in uniform flow, 
with an accelerated shock downstreamo If the pressure 
increase is less than that proper to the velocity increase 
tn the shock relµtions (including the pg§sibility that the 
pressure decreases), a shock propagates upstream in gas 
fixed coordinates, but is swept downstream in the moving 
6 gas • If the pressure increase is greater than that proper 
to the velocity, an expansion fan matches the exit gas 
conditions to those behind the shock. Both head and tail of 
the expansion are swept downstr~am. The original shock is 
accelerated. This case is illustrated in fig. 4.1.1 (a). 
If the current is increased until the gas begins 
to decelerate, the pressure increases and the flow Mach 
number falls. See fig. 4.1.lo (b). In this case the 
effect of Joule heating in the interaction is greater 
than that of the j x B accelerating body force. However , 
even though the gas in the interaction decelerates, it 
expands unsteadily after it emerges from the interaction, 
and the shock speed downstream is greater than its value 
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upstream,. M may not fall to unity within the interaction 
region because then ~i would become unbounded and an 
adjustment would take place. Thus choking may occur 
only at the exit. For a given set of gas conditions at 
the entrance there is a critical current which just 
causes choking at the exit. See fig. 4.1.1 (c). 
At larger currents one of two things may occur: 
(i) A stationary shock may exist in the interaction 
region, situated closer to the entrance and 
increasing in strength as the current increases. 
The gas flow behind the shock is subsonic and is 
accelerated to sonic velocity at the exit. 
Fig. 4.1.1 (d) illustrates this possibility. 
When the current increases beyond that which 
causes a shock to stand at the entrance, the shock 
detaches and travels upstream leaving subsonic 
flow behind it as in fig . 4.1.1 (e). 
(ii) Approximate calculations in a typical case described 
in the next Section suggest that the current needed 
to accelerate to sonic velocity the subsonic flow 
behind a stationary shock at the entrance to the 
interaction region is smaller than the current 
needed to decelerate to sonic velocity the super-
sonic flow which exists upstream of the shock. 
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It follows that if the current is increased 
until choking takes place at the exit , the 
model changes discontinuously and a slight 
increase in current causes a shock to 
propagate upstream. 
4o 2 . Current to Choke the Flow . 
If a shock exists in the interaction region 
its position and strength may be found as follows: 
Ahead of the shock the gas is slowed. 
The equation3 (J . J . l6), (3o3.21) and (3.3e22) are 
integrated through the interaction and at each point 
the strength of a standing shock and the conditions 
behind it are calculated. From each position the 
equations are integrated up to the exit from the 
conditions behind the shock . The true position ' of 
the shock is that for which this procedure yields 
M = 1 at the exit. 
An interaction is considered in which the 
acoustic velocity remains constant. Such an assumption 
may be justified if the inter action length is short 
and the change in degree of ionisation is not great . 
When the gas is ionised beyond about 10% a large 
proportion of the heat energy gained or lost affects 
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the degree of ionisation and the temperature does not 
change strongly. From the approximate expression 
(c.f. eqno (2.4.7)) 
I 
0. ~ 1 i ( \-\- CX.J t 11 (4. 2. 1) 
it follows that the acoustic velocity does not change 
stronglyo 
At any point in th e interaction, 
(4. 2. 2) 
where subscript ( )1 indicates entrance conditions. 
Then the equation of state may be written as 
7. 
Q 
9 
Replacing Pin eqno (3.3.16) gives 
where 
dq 
ctx 
X 
X 
q (q-Y) 
]_ 2 . q -a 
(4. 2. 3) 
(4. 2. 4) 
(4. 2. 5) 
and . A J~ 
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(4. 2. 6) 
If tis small compared with unity when the gas is 
neither negligibly non f ully ionised, ( the common 
laboratory plasma), from eqno (2o4o5) A is of order 
t and is roughly constant , and Bis of order unityo 
l ~ 
~ varies roughly as t~ and so it and jy in a 
shorted duct are approximately constanto 
and Y are treated as constantso 
Thus X 
If the flow becomes sonic while the sonic 
velocity remains constant in an interaction length L, 
eqn (4. 2 . 4 ) may be integrated from x = Q q = q1 at the 
entrance of the interaction, to x = L, q =~at the 
exit, to give 
(4o 2o 7) 
Subscript ( )1 refers to entrance conditionso 
For a given set of gas properties eqno (4o2o7) describes, 
with eqnso (4o 2o5) and ( 4o2o6 ) the relation between jy 
and Bz which causes the flow in choke at the exit o If 
one of these is specified, eqno (4o2.7) may be solved 
for the other. 
This is illustrated with a typical exa.mpleo 
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The gas properties assumed are 
== ,5 
t =- .I 
-
-
- \O~ U/'rlt I 
A .I 
B == 
The interaction length is assumed to be 1 cm and the 
magnetic field is 0. 5 Wb/m2. Then eqn. (4o2o7) yields 
a solution for the current which will choke the flow. 
The solution of eqn . (4. 2.7) is found graphically . 
In fig. 4 . 2 . 1 , curve 1 is a plot of the right hand side 
against current density and curve 3 is a plot of the 
left hand sideo The intersection gives the currentdensity 
which chokes the flowo 
If~ and q1 approached one another curve 1 
would tend to a zero ordinate for all jy except where 
Thus the solution for jy becomes smaller 
as M tends to unity , reaching a limit corresponding 
to y 
= ql' or 
. q,o-' Bz (B-A) 
J~ - A 
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This current applied to sonic flow corresponds to the 
upper of the t O tunnels shown in fig . 3 . 2olo 
Th flow becomes subsonic without choking o 
I f a standing shock exists at the entrance , 
and the gas behind it, whose properties are 
distinguished with subscript ( ) 2 , accelerates 
to sonic velocity at the exit, eqno (4 . 2o4 ) integrates to 
( 4 . 2. 9) 
Eqn . (4 . 2 . 9) has a solution for current density 
if a value of magnetic field is assumed , similarly to 
e qn • ( 4 • 2 o 7) • I n order to compare this solution with 
that of eqn . ( 4o2o7) , and to observe its behaviour 
as unity r ach number in the entrant gas is approached, 
some approximations for weak shocks are madeo Since 
the shock is weak , temperature and degree of ionisation 
are not greatly changed , so that from eqno (4o2ol) 
the acoustic velocities up- and downstream from the shock 
are approximately equalo This assumption , with the 
Rankine- Hugoniot shock relations in a gas with ¥ close 
to unity gives the following set of relations for weak 
shocks in the partially ionised gas : 
4-7 
~1 """' -
ql ,v -
2 
P.M. 
l. 
e,M, 
I 
q, M 
\ 
~. 
' 
/ (14-. 2. 
When eqns . (4 . 2 . 10 ) arc j_nsc i· t d in e qn . (h. 2 . 9) there 
rc}S ul ts 
2 2 
10) 
LX = ( , ) a, I (v a,~\ Y- a, q t----nM~ ,--~--
' M, '( 1 ~ '( - ~ ( 4. 2 . 11) 
"'1, 
Curve 2 in figo lt'.2.1 :i.s a plot of the right hrtnd side of 
eqn . (4.2.11) with the same typical conditions as curve 1. 
The solution is again the i ntersect ion with curve 3, 
which is a plot of the l eft hand side . 
As M1 approa ches unity , curve 3 approa ches 
ze r o f or all values of jy except zero, and the solution 
fbr jy approaches zero. 
I 
I, 
' 
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Thus the current which chokes the flow and 
causes a shock to stand at the entrance or travel 
upstream, decreases as sonic conditions in the up-
stream gas are approached, if the acoustic velocity 
remains constant in the interactiono This is true 
irrespective of which occurs of the behaviours (i) 
or. (ii) described in Section 4olo 
If the supersonic ~low chokes at the exit 
it is decelerating and thus the acoustic velocity is 
rising through the interactiono Hence choking occurs 
at a lower current than that determined by eqno (4o2o7). 
If a shock stands at the entrance , the flow behind 
it is subsonic and accelerating , and the acoustic 
velocity may be reducing. However it is plain that 
as the upstream flow ap~roaches sonic velocity the 
gas behind the standing shock does also , and in the 
limit the current which produces sonic flow ·at the exit 
is zero . 
Thus the assumption of constant acoustic 
velocity does not affect the conclusion since in neither 
of the behaviours described in Section 4ol does it affect 
the result that the current which drives a shock 
upstream from the interaction region becomes smaller 
1, 
49 
as Mach number of the incident flow approaohes unity. 
A current which causes a shoct to detach 
and travel upstream may result in a greater primary 
shock downstream than either the currents for super-
sonic choking or for a stationary shock at the entrance. 
However if this happens the gas upstream of the inter-
action region becomes subject to transient phenomena 
as the upstream propagating ~hock interacts with the 
source of the flow and with tbe expansion fan. A 
system may be engineered in which the first transient 
returning to the MHD interaction region after the 
despatch of the upstream shock does not do so until 
after the elapse of a sufficient time for the desired 
observations to be made, but this must become more 
difficult as the current is increased and the velocity 
of the upstream shock increaseso The difficulty is 
avoided by accepting as the largest practical current 
that which just fails to produce an upstream shocko 
4. 3. Effect of MHD Interact ion on Final Shock Speedo 
An interaction is assumed which is not strong 
enough to generate a standing or reflected shock . 
The rate of change of pressure with velocity given in 
Section 3.3 is repeated here for convenience: 
JP p W1 
d q MHO a (B-A) 
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p (w12-l) 
(B-AJq - A ~, (4. 3. 1) 
In fig. 4.3.1 curve 1 is a sketch of pressure 
vs . velocity of the shock-heated gas after passage of 
shocks with a range of strengths into undisturbed gaso 
The point R describes conditions behind a given strong 
shocko Since pressure and velocity are continuous 
across the contact surface, R als o describes the driver 
gqs behind the contac t surface . It is assumed that th 
gas velocity at R is supersonic. 
Curves 2, 4, 5 and 6 in fig . 4.3.1 are paths 
from R in MHD interactions with increasing currents. 
The product of interact ion 2 is matched along curve 3 
by an upstream propagating shock and the accelerated 
shock is defined by point T. 
The point Tin fig. 4 . 3.1 , and the points T1 , 
T11 and T111 to be considered in turn, specify the 
pressure and velocity behind sho cks produced by MHD 
interactions. It will be seen in the following pages 
that an increase in the interaction current results in 
an increase in the pressure and velocity of the gas 
behind the shocko But an increase in gas pressure and 
velocity behind the shock can only take place if the 
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strength of the shock has been increased. Thus it will 
follow that an increase in the intera 1, · on current always 
brings about an increase in shock strength. 
Curve 1 is approximately parabolic for strong 
shocks, and hence along it 
dP ZP (4. 3. 2) - -dq I q 
When an interaction path has this slope no matching of 
its exit conditions to the slope conditions is necessary. 
From eqns. (4.3.1) and (4. 3.2) , in such an interaction 
B-A 
A 
2(8-AJ -t I 
2. ('o-A) + M2 (4. 3. 3) 
As jy increases further the interaction lines 
rotate anticlockwise as curves 5 and 6. At the current 
which produces a vertical path between curves 5 and 6, 
the MHD acceleration of the gas particles is exactly 
cancelled by the joule heating effect, which tends to 
decelerate the gas by a build up of back-pressure. The 
current which causes this balance is given by eqn. (3.3.17). 
Smaller currents than this cause the gas to accelerate and 
larger currents cause it to decelerate. 
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In the limit as Jy increases without bound the 
slope tends to a value of 
dP 
dq MUD 
p 
Q 
M 
(B-A) (4. 3. 4) 
When the current ·is large enough for this limit to be 
approached, the MHD effect is completely swamped by the 
joule heating effect. 
When the angle of the MHD 'interaction is 
greater than that of curve 1, e.g. as described by 
curves 5 and 6, the exit conditions given by S" and S"' 
are matched by isentropic expansions to the shock 
conditions T" and T"'· It will now be proved that the 
lengths of the interaction curves 5 and 6 increase with 
jy and the shock conditions T" and T"' move higher along 
curve 1. 
Two interactions are considered, of which 
one involves a larger current than the other. Fig. 
4.3.2 illustrates the two interactions. Interaction 1 
increases in a short electrode length the pressure from 
P0 to P1 • From P1 the gas expands isentropically and 
where its velocity is again its pre-interaction value 
q0 , the pressure has reduced to P1. The expansion 
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continues down to the pressure P1. Similarly the 
interaction of greater current increases pressure 
from P0 to P2 after which it expands to P 2 where 
q = qo, P "' at 2 the contact surface velocity following 
the weaker interaction, and P" 2 at its own contact 
surface. The velocity changes from q0 to the 
velocities at P = P1 and P = P2 are ~9 and Az't 
respectively. All changes are assumed smallo 
The difference between P{ and P 2 is found 
as follows: 
(4. 3. 5) 
where refers to the weaker interactiono 
(4. 3e 6) 
where refers to the stronger interaction. 
2 
' P. - P, + ~ (-~ ) dq s .~ ( 4. 3. 7) 
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(4o 3• 8) 
In any isentropic unsteady expansion adjacent 
to a shock of constant strength, from eqn. (2.5o3) 
• 
• • 
dq 
dP 
dq s 
-
-
-
dP 
a~ 
-ae (4o 3• 9) 
Inserting this result in eqn. (403.8) gives 
(4o 3ol0) 
Similarly 
(4o 3.11) 
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Since the expansions from P1 and P2 have 
the same slope in fig o 4o2 . 2, namely - ae, 
hi pl\ I I P - =P - P. 2 \ '2. I ( 4 . 3012 ) 
If a.Pf is the difference P21 - P1 due to a difference 
dj between the interaction current densities , dP y 
and dq are the differe nc e s be tween the pressures and 
the voloci·bior 1. 88.fH:!C t i vely a t ·the ex i ·t, then eqns 0 
( 4o3ol0 ) to (4o3ol2 ) yield the differential equation 
( 4 o 3013 ) 
Differentiating eqno ( 4o3ol3) with respect to length 
of the interaction region gives 
where 6 Pf is the change in Pf due to a short 
interaction length ~ X
0 
1, 
I 
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and d.Q.I are replaced in eqn. 
dx MHD 
(403.14) 
according to e qn s • ( 3 • 3 .16) and ( 3 o 3 • 2 3) • 
When the differentiations with respect to j are y 
performed, 
• • 
dA P,: = ris + a e { J ~ /1 A) 1u ( 4 5) d j!I l1 z B;z. P(M~) 2A er' Bz - 1,.e- q u&I O 3.1 
The smallest current for which an isentropic expansion 
exists is given by eqn. (403.3)0 This current in eqn. 
(4o3.15) gives 
2 
d A PF {&.._ + R:_ . M 2(B-Ah2-M 1/1x (4. 3.16) 
d lj M\t·~- M+ I 2 (B .. A) + M'l-
d ll Pi: as the lowest meaningful value of -- • 
dj~ 
This minimum value is always positive and it follows 
dAP that ~ is positive for all values of jy• Thus the 
J~ 
increase Pf to P2' grows as jy grows. It is evident 
from fig. 4.3ol that the increase in contact surface 
pressure pr top~ grows with jy and thus so does the 
primary shock strengtho 
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The primary shock strength is seen to increase 
with the current even though the current i large enough 
for the MHD effect to be swamped by the effect of joule 
heating, and even though the gas participating in the 
interaction may be strongly decelerated . 
Similar conclusions may be drawn about the 
increase of the shock strength which accompanies an 
increase in the magnetic field. The argument resulting 
in eqn. (4.3.15) may be readily recast to show the effect 
on the gas velocity behind the shock of an infintesimal 
change dBz in the magnetic field in a short interaction 
length. The equation corresponding to eqn . (4.3.15) is, 
after simplification using eqn . (2.4.7): 
d 6Pp Jy 
6 't. (4. 3.17) 
cA Bz M+f 
Thus L1 PF increases with Bz while Jy is positive. 
A negative value of Jy is only of trivial int ere st. 
An increase in 6P{: when jy is negative would require 
decrease in B 
z' 
and from the geometry of the interaction 
as shown in fig . 3.3.1, a decrease in Bz when jy is 
negative corresponds exactly to an increase in Bz when 
jy is positive . 
a 
; 
II 
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Thus the conclusion concerning the magnetic 
field is similar to that concerr1.ing the current density. 
An increase in either results in an increase in the 
pressure and velocity of the gas behind the shock, and 
hence of the shock strength. 
4. 4. Current in Different Parts of the Expansion to 
Produce the Same Shock Acceleration . 
If an MHD interaction is started as the contact 
surface passes bhrough the int e.riaotion region, and ia 
continued through the isentropic expansion described 
in fig. (i), the strength of the accelerated shock will 
be maintained constant after its initial acceleration if 
the gas emerging from the interaction has the run of 
thermodynamic properties and velocity of an unsteady 
isentropic expansion adjacent to a region in uniform flowo 
It is perhaps possible for the accelerated shock to have 
constant velocity when driven by the expansion in which 
the entropy varies. However , such a situation would be 
difficult to analyseo The present investigation therefore 
confines itself to consideration of an isentropic expansion . 
From eqn. (3.3.37), the increase of entropy per 
unit mass along the duct is 
ds 
Jx (3. 3.37) 
Ii 
59 
Thus the current density needed to raise the entropy by 
a given amount at any point in the expansion is 
(4. 4. 1) 
Where Cl is a constant equal to the entropy increase per 
unit length in the interaction. 
The behaviou.r of eqn. (4.4.-1) is illustrated 
in figo 4.4.1 where 1. j /(01) 2 is plotted against time y 
in thG expansiono Tho expansion is one used in the 
experiments and is described in Section 6020 The 
current density required is seen to increase with time. 
Superimposed in fig. 4.4.1 is a sinusoidal waveform 
.1. 
which approximates to jy/(01) 2 over a short periodo 
Differentiating the factor q ~ gives 
(4. 4. 2) 
From eqn . (2.5o3) in an expansion adjacent to a steady 
region , eqn. ( 4 . 4 . 2) becomes 
(4. 4. 3) 
The expansion of fig. (i) is everywhere supersonic and 
thus from eqn . ( 4 . 4. 3) , q ~ increases with ~ throughout. 
cr' and T increase with e and therefore from eqn. (4.4.1) 
Ii 
11 
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jy inc.re as es with e • 
I 
If an int et'act ion lS applied a r, a point in 
the unsteady ex pan.; :Lon in fig . ( i ) the exit gas conditions 
become matched to those behind the accelerated shock 
downstren.m by a shock wave or an unsteady isentropic 
expansion , as described in Section 4o3a Only the second 
of these mn.tchi.ne; mechn,nisms is considered. This does 
not involve an im1)ort;:1nt loss of generality since the 
interactions that are ignored are chose having the 
smaller effects on the shock velocityo 
illustrates this pointo The resulting shock speed 
is determined by the velocity and the thermodynamic 
state of the gas at the exito Since the velocity 
determines density by reason of the mass continuity 
req_uirement in the interaction, and density and 
entropy together determine the thermodynamic state 
of the gas, velocity and entropy to 6 ether suffice to 
determine the shock speed . 
Interactions at two stations in the expansion , 
e . g . positions (ii) and (iii) in fig. (i), may be made to 
produce the same effect on the downstream shock if they 
impart the same entropy per unit mass to the gas , and the 
velocitie s at the exit differ according to eq_n. (2 0 5 0 3) 
integrated along an isentropic patho The second 
II 
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requirement will be discussed in the next Chapter. The 
requirement of constant entropy addit iu1 means that 
eqn. (4.4.1) must be true, with a given value of 
Cl (entropy addition) characteristic of the new shock 
speed. 
Thus from eqn. (4.4.1), the current density 
for a given shock acceleration is larger if applied in 
a compressed part of the expans·on than if applied near 
the contact surface. In a given short interaction length 
/1x, the same conclusion follows for the total current Iy 
where Wis the duct width. 
4o 5. Interaction with Reversed Magnetic Field 
With the positive magnetic field orientation 
illustrated in fig. 3.1.1 the induced electric field qB 
z 
opposes the applied field E . When E is greater than y y 
qB, a current J flows in the direction of E and the 
z y y 
external power supply imparts energy to the flow. If 
the magnetic field is reversed, qB becomes negative. 
z 
In this case the exte r nal power supply always imparts 
energy to the flowo The heating effects are similar to 
... 
62 
those under a positive magnetic field, but the MHD body 
force is such as to decelerate and compress the flow. 
From eqn. (3.3.16) it is seen that if Bz becomes 
negative, a gas in supersonic flow always decelerates. 
From eqns. (3.3.21) and (3.3.22) it is seen that the 
ionisation fraction and temperature always increase in 
such a reaction. Thus pressure increases. The body 
force on the gas is reversed so as to compress and heat 
it (where the positive B interaction expanded and cooled 
z 
it), while the joule heating effects are unchanged. 
The effect on one of the MHD paths in fig. 4.3.1 
of reversing the magnetic field is that the velocity 
decrease and the pressure increase both become greater . 
The sizes of these increments reflect the proportional 
size of the MHD contribution. Through small current 
interactions in which the MHD contribution is a large 
proportion of the whole effect, the pressure-velocity 
path such as curve 2 in fig . 4.3.1 would be rotated into 
the second quadrant to become curve 21 in fig. 4.5.1. 
The resulting difference in the primary shock speed due 
to the interactions may be considerable. In a large 
current interaction on the other hand, the changes in 
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pressure and velocity due to the MHD contribution are 
small proportions of the whole , since the larger 
contribution is from the joule heating elfects . Hence 
reversal of the magnetic field will have only a slight 
effe ct and curve 6 of fig . 4 . 3 .1 becomes curve 61 in 
figo 4 . 5.1 . The corres ponding change in shock velocity 
from that described by the point Q to that of point Q1 
( fig . 4 . 5.1) may be very slight. An experiment will be 
described in Chapter 6 in wh ich reversal of the magnetic 
field was found to have no observable effect. It has been 
seen from eqn. (4 . 3 . 17) tbat an increase in the magnetic 
field always produc es an increase in the shock strength, 
Thus if a positive magnetic field is reversed , the 
resulting shock strength will always be smaller than its 
value with a positive field. Hence the point Q1 always 
lies lower on the curve 1 than the point Qo 
4 . 6 . Conclusion 
The conclusion of Section 4.2 was that the maximum 
shock acceleration diminishes as the interaction is applied 
closer to the head of the expansion . The conclusion of 
Section 4 . 4 was that the current needed to produce a given 
effect on the shock velocity increases towards the head of 
the expansion . It is therefore seen that the lower dens ity 
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part of the expansion is more profitable than the higher 
density P3,rt as a point of application of an MHD interaction 
for shock acceleration, whether on consideration of the 
maximum effect possible, or of economy of current. 
·-
. ' 
5 . IVIJ TLJHING THE INT..6RACTI0N TO THE EXP ANS ION 
In Section 4 it was shown that the lower 
density region of the expansion is more favourable 
toMHD interaction for acceleration of the primary 
shock front than the higher density region , both in 
terms of maximum possible acceleration and acceleration 
possible with a given currento The longer the inter-
action is applied the lon5 er will be the test time 
before the expansion which mus t occur when the inter-
action cease s overtakes the accelerated shock . If the 
interaction is applied to the expansion as well as to 
the 1niform part of the driver followinr the contact surface 
the test time will be lengthened . It has been seen that 
the current which maintains the isentropic nature of the 
downstream expansion increases towards the conditions at 
the head of the expansion. 
It will be assumed that the current is always 
less than that which would induce choking o 
5o lo Criterion for Matchingo 
In Section 4o4 it was stated that one way in 
whi ch the velocity of the accelerated shock could be 
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maintained constant was for the expansion which exists 
downstream of the interactio~ to be given the properties 
of an unsteady i 0ntropic expu.n ion adjacent to a 
region of uniform flowo 
Figo 5ol . l is an x - t' diagrarn illustrating 
the behaviour of the shock wave , contact surface , 
negative Mach lines and particle velocities before and 
arter passage through a short interactiono If the current 
begin to flow as the con tact surf ace :passes through the 
interaction a shock immediately travels forward , overtaking 
and accele ating the incident shocko A complex of 
expansions an shoe ,:.; tah:es place in the shock heated 
gas to adjust the accele~ated shock speed and conditions 
behind it to conditions in the expansion of the driver 
gas . Since the region of the shock-heated gas is short, 
it will be assumed that these adjustments are instantaneouso 
Following the contact surface the gas conditions are 
constant for a time and the negative characteristics 
downstream as upstream of the interaction are parallelo 
Thereafter the negative characteristics are straight but 
diverging . Downstream of the interaction they do not 
necessarily form a centred fan . They do constitute a 
simple wave however since they are adjacent to a region 
in uniform flow . 
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Throughout the flow in a simple wave , along 
any path on an x - ,: diagram. 
<.J. q + de 0 ( 5o 1 . 1 ) 0. - -~ 
At the exit it i s true al ong Mach line s travelling 
forward towards the shock . If it is true al ong any 
other line it will be true throughout the flow and 
so the expansion downstream of the interaction will 
be a simple wave adjacent to a unifor1.11 region and the 
new shock speed will be constant in time o 
Thus in order to ensure that the new shock 
front has constant velocity it is sufficient to ensure 
that 
(a) the flow is isentropic, and 
( b ) along any path other than a forward 
travelling l\Iach line eqn . ( 5 olol) is preserve do 
A convenient such path is the line of constant x at the 
exit of the interact ion . 
5. 2 . Current and Magnetic Field Variationso 
The requirements of condition (a) of Section 
5.1 have been discus sed in Section 4. 40 The result is 
Ii 
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that the current must vary as descrj_bed by eqno· 
(4. 4.1). Since the interaction current is determined 
by condition ( a ), condition (b) must be met by 
appropriate variation of the magnetic fieldo 
Consider two close particle paths as in 
fig . 5 . 2 . 1 crossing the line of constant x at the 
entrance to the interaction. The ve locities of particles 
along them are q1 and q 2 respectively , and the velocity 
difference is 
where subscript ( ) u refers to an upst ream quantityo 
Then 
The velocities of the two paths after passage through 
the short interaction region are 
and 
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and their difference is 
- ~ 1 ix 
c{ X MHl> J 
where -r is time and /J.t is the time for a change in 
velocity dqu to occur at a constant position x due to 
gradients in the expansiono 
Thus from eqn. (5o2.1) the effect on a 
veloc·ty differencP- d(J-u in the expansion of passage of 
the two particle paths through the interaction may be 
expressed by writing 
L\ (dq) = d9d - ctqu 
6x th :t {~;IM"~\ (5o 2o 2) 
Similarly the effect of the interaction on a density 
difference ~ ~
4 
may be expressed 
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Since the interaction is a steady process in a 
constant area duct, 
. d {"el 1 _ d { e ~ 'l at cG MNDJ - d1: - q dx M~D J 
(5o 2. 4) 
In the second term on the right hand side of eqno 
(5.2.4) the factor 
(5o 2. 5) 
is a differential coefficient along a line in the 
isentropic expansion, and therefore from eqn. (2.5.3) 
and so eqn. (5o2.5) becomes 
d e e 
-(-) ::: - - (M + 1) dq q q?. 
(5o 2. 6) 
Therefore with eqns. (5.2.6) and C5o2.4), eqn. (5.2.3) 
becomes 
11 (do) ::: /ix /Jt i_[- rL { dq 1 
' Cf d'r. dx MtfD S 
(5. 2o 7) 
II 
71 
Along a line of constant x at the entrance 
to the interaction , a velocity differencu d.flu between 
two p~rticle paths is related to the corresponding 
density difference <.(~\.1 by the relation 
+ 
Considerine the same two particle paths through the 
interR. tion, the left hand side of eqno (5. 208) 
becomes 
d.q" -1- ~ (d9) + ~ deu -1- 11 ( ~ q ~) 
= oq" + ~ delA + a (dq) 
+ d~u \ ~ Aa - ~2 6.~} + ~ 6. (d.f?) (5o 2o 9) 
The first two terms add to zero by virtue of eqnor 
( 5 o 2 o 8) in the upstream exp:-1nsi on, fl ( dq) and {). (d~) 
may be replaced accordinc to eqns o (5o 2o2) and (5o2o7)o 
d~ may be written as = -
ta as dq 
- ~x QX Mlib 
and 6€ as 
,, 
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With these modifications the right hand side of eqn. 
(5.2.9) becomes 
ct[ d 1 dq )_ dql M+1 
- l::,.x b.,: q d1: 1 dx M~ I> f - dx t11111> q dq J d't' 
, 
.f d~ ( J_ da I Q e dq l } 
- /J.x /SC £1 d•(\. e d X t4~b + ~2 °q dX MIID 
Since this quantity represents the downstream value 
of 
along a line 
expansion is 
flow and the 
be equal to 
zero gives 
of 
to 
Q dq + -d~ ~ 
constant x, if 
be adjacent to 
shock speed is to 
zeroo Rearranging 
the downstream 
a region of uniform 
be constant, it must 
and setting equal to 
A_ f ~ 1_ _ M l dq{da _ _L_ ~ } 
dt l ciilHwo I - M-1 a di: dx HHb M'l.. dx. M~l> (5'. 2.10) 
........ 
II 
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Egn. (5.2.10) specifies the type of acceleration 
which must be applied to the expansion i f the shock 
velocity is . to be constant. It is a differential 
equa tion which determines a time -varying relation 
between the i ntera ct ion current and the magnetic 
field. When the current is spe cif ied by the requirement 
of constant entropy adrtition, eqn. (5.2.10) becomes 
a differential equation in B 2 with ~ as the indepen~ent 
va riable. 
The behaviour of eqn. (5.2.10) is not 
clear from its pre ~Je nt form. If 11[ is written 
and.both sides of the eguation a re multiplied 
eqn. (5.2.10) becomes 
-
-
as i 
a 
b d~ y dq 
(5. 2.11) 
Expanding the right h8nd side of eqn. (5.2.11) gives: 
, d q [ (.( .( 1 q l da J 1 ] C2 ~ MWo dq l n q-~ \ - G4 tf , 9- (l 
where C2 is an arbitrary constant of the same sign as ~~'""ltt> 
" 
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Rearranging gives 
d [Inf Cl2 -5/ )1 
l 0. X MH!) U ( 5. 2 . 12 ) 
whe r e 
da I daf { 1 I } e =c - J9 $ q-Q 1" dq MtlO (l + CJ- (I 
and Is refers to dif.:erentiation in the 
i9(H t.l1 U1)iO Ulls tea<ly ex1ian i no 
No exact integral of eqn . (5o2o12 ) has been foundo 
However , from an initial assumption that 8 may be 
neglected , followed by an assessment of its effect if 
not neglected , an indication of the behaviour of eqno 
( 5 . 2 . 12 ) may be obtained . 
If e is neglected , eqn . ( 5 . 2 . 12 ) is integrated 
to giv e 
~( -dx_ Mt+p - q q- a C2 ( 5o 2 . 14 ) 
I f the first term in the expression fore eqn . ( 5o2 . 13) 
is illcluded, since its si0 n is positive (because ~~f~ 
i s negative ), it has the effect of multiplying the right 
hand side of eqn . ( 5o2 . 14) by a quantity which increases 
with q. The influence of this additional factor is not 
. 
, I 
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strong because the quantity dof 
(jG\ 5 is smaller than unity . 
According to the thermodynamics of perfect gases , for 
example , the factor by which the right' hand side of eqno 
(5o2ol4) is modified is 
) !.. 
3~ (q-a.)4 
If the second term in the expression 
for e is included , its influence may be represented 
as a further factor in the right hand side of eqn . ( 502 . 14) , 
but i ta IDB.gni tude cannot be determined because da l dq M~b 
may take a range of Vu.lu c..:.i , 1Josi tive or negativeo 
it is a plausible assnrn:vtion to ma.lee, th3.t 
is negative and small comp~·,red with unityo 
o(g I 
"'crcf MN't> 
It is 
Ho·:1ever 
o.us umed nec;c ... tive beci1.use , for the purposes of the present 
work , us much ener 0 y ~c Jossible is delivered to the 
driver gas and therefore it is heated and decelerated 
in the interaction . The velocity decreases and the 
speed of sound increases o The acoustic velocity is seen 
from eqno (4o2ol) to depei1d essentially on the factors 
( 1 + 0() and to In the i.[H]) interaction, temperature 
may be assumed not to change strongly , since in the 
partially ionised gas a lar6 e proportion of the added 
energy is absorbed in further ionisationo Thus the 
acoustic velocity is taken to change slowly in the 
interaction so that dal is small compared with 
ciq MM?> 
• -
I 
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unity . It follows th:1.t inclusion of the second term 
in the expression fore, eqn . (50 2.13 ), has an influence , 
opposite to that of the first term, and of a magnitude 
considerably less than that of the approximate solution 
in e qn . ( 5 . 2 . 14 ) • 
Thus for the purposes of the present work , it is 
assumed that the two quantities neglected from eqn . 
( 5 .2.1 2) have minor influences compared with that of the 
qunintity retain~d, and thnt the ·e influences oppose one 
another . The approximate solution obtained without 
them, eqn . ( 5 . 2 . 14), is therefore taken to give a 
reasonal representation of the behaviour of eqno ( 5o2o10)o 
are combined with the current requirement expressed in eqn . 
(4 o4ol ), the variation of the magnetic field may be 
expressed : 
.!. 
~2 (q+a) 
(er',)~ 'l + 
The behaviour of eqn . (5o2ol5) is · shown by 
1 fig . 5 . 2 . 2 in which B2 / ( Cl f~:r is plotted against time as 
. 
the expansion passes through the interactiono 
The effect 0.L the value of C2/Cl is shown . The 
expans ion is one used in the experiments and is described 
in Section 6020 The maenetic field required increase 
1, 
II 
! 
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from 1he lower density to the higher density part of the 
expansion. The conclusions of Section 4.5 favouring 
acceleration in the lower density r@~ion o grounds of 
economy of current are therefore supported by the present 
results, which favour the lower density region on grounds 
of economy of magnetic field. 
5. 3. Interactions with Reversed Magnetic Fields. 
From the approximate equation (5a2ol4) it is 
seen that 02 is of the same order of magnitude as dd..9. . 
X' MHD 
and may be large and negativeo The appearance of 02 in 
eqno ( 5o2 .15 ) may therefore make the value of Bz negative, 
since all other terms and factors in the right hand side 
of eqn . (5.2.15) are positive . 
Thus the magnetic field to meet the requirements 
of ( 5o2 . 15) across the expansion may be negative or positive, 
or it may change from one to the other as the expansion 
passes through the interaction. 
The concluding statements of the previous section, 
based on the behaviour of the positive, increasing values 
of Bz in fig . 5o2o2 may be qualified by the possibility of 
negative magnetic fields. However if the aim of the applic-
~tion of the interaction is to increase the shock strength , 
the choice of an initial value of B , which contributes to 
z 
determining the arbitrary constant 02, will ordinarily be 
.. 
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positive , since it results in a higher shock strength than 
does a negative field of the same magnitude . 
The conclusions of Section 5.2 therefore remain 
unaltered • 
.. 
5. 4. Conclusion . 
A short-length cross-field MHD interaction 
which accelerates a shock and maintains the accelerated 
speed constant has a current density given by 
I 
j t - { ( C 1) a-' 9 ~ T } 2 (5. 4. 1) 
where Cl is a constant, and a magnetic field determined 
by 
(5. 4. 2) 
in conjunction with eQn. (5 . 4.1) 
The reQuirement that eQns o ( 5 . 4.1) and ( 5 .4 • 2) 
t ogether make on the magnetic field may be expressed 
approximately by 
+ A I G 1 )-k ( e T J ~ 
~-A ~ (Y'q 7 (5 . 4. 3) 
--
79 
ciQ 
provided the quantity 39 is small compared with unity in 
both the isentropic expansion and the MHD interaction. 
6 . EXPEHII'/IENTAL STUDY 
A series of experiments was conducted in order 
to demonstrate the feasibility of increasing shock speeds 
by the application of an MHD interaction in the unsteady 
expansi_on which exists behind the shock . It is not 
claimed of these experiments that they test more than 
a small part of the body of theory that has been developed. 
It is assumed that in more elaborate experiments than have 
been attempted here, the theory may be brought to bear to 
tailor the interaction to the expansion so that the shock 
speed is increased and maintained at a constant value. 
In this chapter the experiments will be described 
and assessed under the following headings: 
60 lo The Experimentsa 
An outline of the experiments will be giveno 
6 . 2o Equipment and Instrumentationo 
The equipment, instrumentation and synchronis-
ation will be described in detail together with 
the means by which the interaction parameters 
were measuredo 
60 3 . Experimental Results. 
The experimental results will be presented . 
6 . 4 . Parameters in the Calculations . 
Preparatory to the calculations to follow 
.. 
II 
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the gas parameters used will be defined. 
This will include a description of the flow-
behaviour assumed in the calculationso 
6. 5. Calculation of the Expansion into the Inter-
action Regi.on. 
A calculation will be made of the properties 
of the expansion which participated in the 
experimental interaction. 
6. 6. Calculation of Speeds of Accelerated Shocks. 
The speeds of the shocks resulting from the 
experimental interactions will be calculated. 
6. 7. Relation between Theory and Experiments. 
Some observations will be made concerning the 
relation between the experimental results and 
the theory of the preceeding chapters. 
6. 8. Appendix: Calculation of Matching Current and 
Magneti c Field. 
In an appendix, the current density and magnetic 
field variations will be calculated which would 
be required for the experimental expansion by 
the theory of Chapter 5. 
60 1. The Experiments 
A free piston shock tube was used to produce 
an ionising shock in Argon in a 1 inch diameter circular 
shock tubeo This shock, after travelling along the 1 inch 
........... 
• 
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diameter tube , was reflected from a transition in tube 
shape to a~ inch square section . The reflected shock 
further heated the Argono Low pressure air in the} inch 
.tube was separated from the Argon in the 1 inch tube by 
a paper diaphragm across the tube at the transition . 
The diaphragm burst upon arrival of the shock and thus 
a new shock formed in the air, driven by the Argon . 
Behind the shock in the! inch tube was an 
unsteady, centred expansion in the Argon driver , as 
illustrated in fig . (i)o In this unsteady expansion 
was applied an MHD interaction for the purpose of 
accelerating the shocko 
The interaction consisted of a current flowing 
in the gas at right angles to an applied magnetic field 
such that the resulting j x B body force on the gas 
tended to accelerate the flow . The geometry of the inter-
action was that of fig. 3 . 1.1 . The current was triggered 
to start to flow shortly after the arrival of the shock at 
the interaction region . 
The magnetic field was not tailored to the 
expansion in the manner described in Section 5 . 2 and 
eqn . (5 . 2 . 15) . Instead a permanent magnet was used to 
supply a constant field . The current density was produced 
by a discharging capacitor bank and met the requirements 
-
I 
' 
" 
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of eqn . (4 . 4 . 1) for constant entropy addition over a short 
period of time . 
Two values of current density were applied, one 
approximately twice the value of the other , each of which 
significantly increased the speed of the shock . In order 
to test whether the magnetic field contribut 0d to the 
interaction , the permanent magnet was reversed. The 
increase in sho ck velocity due to the large current 
interaction was found to be the same irrespective of the 
orientation of t he magnetic field . In the small current 
interaction the shock velocity was increased under both 
orientations , but the increase was slightly greater when 
the j x B body fo rce was accelerating than when it was 
decelerating . This was taken to indicate that in the large 
current interaction joule heating effects predominated but 
in the small current interaction MHD effects were significant . 
6 . 2 . Equipment and Instrumentation 
This section describes the experimental apparatus 
and proceeds in the following parts: 
(i) The Shock Tube and Interaction Chamber . 
(ii) Measurement of Shock and Particle Velocities . 
(iii) Determination of the Values of Current Densities 
and Magnetic Fields . 
(iv) Triggering and Synchronisation . 
--
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(i) The Shock Tube and Interaction Chamber. 
The ionised sample of Argon described in 
Section 601 was produced by a free-piston shock tube. 
Fig. 6.2.1 is a schematic diagram of the shock tubeo 
Chambers F and G were pumped to 1 mm Mercury pressure 
of air, E was evacuated and filled with~ inch of Argon, 
and D was evacuated and filled with 28 inches of Heliwn. 
C was an Aluminium piston which was able to slide along 
the cylinder D maintaining a gas-tight seal against its 
walls . Prior to operating the piston rested at the end 
of D adjacent to the chamber B. A and B were filled with 
air to pressures of about 400 psi and 190 psi respectively. 
The chambers F and E were separated by a diaphragm of waxed 
paper; E and D by a diaphragm whose bursting pressure was 
2050 psi in a i inch diameter tube; D, Band A were 
separated by diaphragms which burst when in place when the 
pressure difference across them was 230 psio 
Action was initiated by venting tho intermediate 
chamber B through a small hole. The pressure difference 
between Band A caused the diaphragm between them to burs t 
and the pres s ure in A was immediately applied to the 
diaphragm between Band D, which also burst. The piston C 
was driven the length of D compressing the Helium ahead of 
it . An analysis of the piston stroke has been given by 
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Stalker1 . The diaphragm between D and E whose bursting 
pressure was measured by static hydraulic tests , the 
initial pressure in D, the mass of the piston and the 
pressure in A were chosen so that the diaphragm burst as 
the piston came to rest upon completion of its compression 
stroke . 
The sudden exposure of the hot compressed 
Helium in D to the cold Argon in E caused a shock to 
form and travel the length of E, compressing and heating 
the Argon . At the end of E adjacent to F the tube 
narrowed from 1 inch diameter to! inch square section 
in Fo The reduction of the area (by a factor of 1/3 . 14) 
was sufficient to cause a reflected shock to travel to 
the right in E, further heating and compressing the Argon . 
The paper diaphragm between E and F burst and hot Argon 
expanded into F driving a shock ahead of it . An unsteady 
expansion fan matched the pressure and velocity behind the 
shock to the sonic flow at the right hand end of F. At the 
end of the action the flow emptied into the dump tank G. 
The chamber F was constructed with perspex walls 
so that photographs could be taken of the flow in it . I.iid-
way along it was the MHD interaction region . Fig. 6 . 2 . 2 
gives details of l!' and of the IVIHD interaction region . Two 
1 cm square electrodes were set into the walls opposite 
I. . 
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each other so as not to interrupt the smooth sides of the 
duct . A permanent magnet was supported so as to supply a 
field at right angles to the discharge between the electrodes 
and to the direction of gas flow . along the duct. It was 
possible to examine the gas flow before and after it had 
participated in the interaction . 
(ii) Measurement of Shock and Particle Velocities. 
The gas flow was photographed by an STL image 
converter camera in streak operation. The image was 
caused to sweep vertically with constant velocity across 
the photographic material. Thus vertical distance on the 
resulting photograph could be calibrated as a time scale 
since the object being photographed was (in the interaction 
chamber) horizontal and one-dimensional. Such photographs 
were therefore x - 't' diagrams of events in the interaction 
chamber . 
The camera was set to a streak speed of the 
photographic image of 1 inch per 100 microseconds and 
this established the vertical ( Y ) scale of the resulting 
photograph . The camera was positioned at such a distance 
from the apparatus that the interaction chamber alone 
appeared in the photograph. Since the interaction chamber 
was of length 15 inches, and the photographic image of it 
was 1 inch long, the horizontal (x) scale was established. 
' ' 
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Figo 6 . 2 . 3 is a streak photograph of the flow 
in the interaction chamber with no interaction current. 
It is interpreted as foll orvs . Streaks of white in the 
photograph are paths of local lwninous inhomogeneities 
dt in the gas on an x - 1: diagram . The slopes of the 
d~ 
streaks , properly adjusted for scale , may be particle 
velo cities and/or velocities of compression waves resulting 
from uneven opening of the dj_aphragm . The boundary streak 
with the loweat el pe , lo~ . the highest velocity , is the 
path of the shock . The width of this streak in the x -
direction is the length of the slug of shock heated air . 
Between the shock heated air and the right-hand side of 
the photograph is the unsteady expansion of Agron. It is 
expanded and so non-lwninous adjacent to the air, but of 
increasing pressure , density , temperature and lwninosity 
towards smaller values of x . 
Figure 6 . 2.3 is to be compared with the diagram 
of fig . (i) . The diaphragm is at the right hand side of 
Ii 0 • 6 . 2 . 3 and so this is the position of x = Oo The 
positive x - direction in fig . 6 . 2o3 is to the left • 
. 
The streak was triggered, vii th zero delay , by the appear-
ance of the flow immediately after -destruction of the 
diaphragm and thus the bottom of the photograph is the 
position of 't' =- 0 . Thus with the exception that the 
x - axes run in opposite directions in the two diagrams , 
1· 
II 
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fig . 6 . 2 . 3 corresponds to that part of fig. (i) for 
which x~ O and "Y?- 0 o 
(iii) Determination of the Values of Current Densities 
and Magnetic Field . 
The current in the interaction was produced by 
the discharge of a bank of capacitors through the inter-
acting gas . Fig . 6 . 2.5 includes details of the discharge 
circuit and the current detection instrumentation. The 
spark gap as will be described in Part (iv) of the present 
section. 
The current in the discharge was detected by 
a pick-up coil consisting of 5 turns of wire and approxim-
ately 1 inch in diameter. The coil was placed close to 
one of the leads of the interaction circuit so as to be 
threaded by part of the magnetic field due to the inter-
action current . A voltage generated between the terminals 
of the coil was taken to be proportional to the rate of 
chang e of the magnetic field and hence to the rate of 
change of the interaction current . 
The voltage generated in the coil was displayed 
as a trace on a Cathode Ray Oscilloscope. Figs . 6 .2.4 (a) 
and (b) are photographs of the traces corresponding to the 
. ' 
I 
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two types of discharges used in the experiments. The 
horizontal scales are both 20 microseconds per centimeter. 
The vertical scales are not to be compared because the 
pick-up coil was in different positions for the two traces • 
It is evident from fig. 6.2.4 that the current 
did not have smooth, decaying sinusoidal waveforms. The 
irregularities in the waveforms may be due to the steel 
) 
bolts which were part of the interaction chamber. The 
presence of satu able fcrro-magne ·bio materials results in 
variation in the inductance of the discharge circuit. 
This inductance is a major factor determining the current 
flowing in the circuit. 
The assumed model of the discharge circuit 
consists of a capacitor of value C farads equal to that 
of the storage capacitors, a resistor of R ohms and an 
inductor of 1 henries in series. If such a circuit is 
closed at time ~= O, the current i, provided the 
values of the circuit components are constant, is 
R 
I 
I\., -
V - ll- "t' 
e S1nkt kl (6. 2. 1) 
where 
. I R1. 1-
k - ( ·Le - 4-L2-)2. ( 6. 2. 2) 
and V lS the voltage across the capacitor at 't'=- 0. 
I, 
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The magnetic field surrounding a conductor in 
air is proportional to the current in the conductor. Thus 
the voltage which would be induced in a pick up coil such 
as described above is proportional to the rate of change 
of the current in the conductor, and therefore 
where Vcoil is the voltage induced in the coil. 
Differentiating eqn. (6.2.1) with respect ·bo time "'C gives 
R 
I --1: 
V C 2 I 2L < ~ .{ _, '2k L l eo, L ()I.. ( L ) k e ~ t n L k 1' - f q n R \ (6. 2. 3) 
Eqn. (6.2.3) describes a voltage waveform which 
is sinusoidal and decaying with time. An approximation 
to the discharge current may be made by fitting eqn. (6.2.3) 
to the traces in fig. 6.2.4. The result can be an approxim-
ation only because of the departures of the traces of fig. 
6.2.4 from the ideal wavef orm assumed in eqn. (6.2.3)o 
This method will be illustrated by finding the 
current represented by Trace (a) of fig. 6.2.4. This trace 
was written during the discharge of a capa citbr bank of 
10 microfarads from a voltage of 5000 volts. The value 
of k is found from the time between crossings of the zero 
axiso The position of the zero axis is clearly shown by 
--
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the straight portion of the trace prior to commencement 
of the discharge. The zeros occur with a separation of 
30 microseconds and this corresponds to a value £or kt 
of 1\ radians. 
thus 
k X 30 X 10-6 
and k 1.05 x 105 radians/sec. 
Since in the discharge detected and displayed in this 
trace, the capacitor bank had a capacitance of 10 mic o-
farads, eqn. (6.2.2) becomes 
The factor 
R.,_ ~ ~ 
-) - l,D5 ><lO 4 L2 ·-
R 
- 2.L 't' 
e 
(60 2. 4) 
in the right hand side of eqn. (6.2.3) describes the decay 
of the waveform with time. In the time of 30 microseconds 
between a maximum and minimum in Trace (a) the amplitude 
decreases by a factor of 0.75. Thus 
- R X 30 X 10-6 21 
e 
- 0.75 
and ( 6. 2. 5) R 1.92 X 104 L -
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Eqns . (6 . 2. 4) and (602.5) yield the values 
and 
L 
R 
9 \J' \.t 
0.17 Sl. 
Then from eqn. (602.1) the value of first 
current maximum is approximately 
or 4600 Amperes. 
V 
kL 
-R 
e 21 
It occurs 15 microseconds after the start of the dischargeo 
The area of the electrodes which delivered the 
current to the interaction was 1 square centimetre each 
I 
and thus the maximum current density is taken to be 
A/m2 
In a similar manner the current corresponding 
to Trace (b) of fig. 602.4 was found to have a maximum 
value of 8170 amperes which occurred 30 microseconds 
after the start of the discharge. The maximum current 
density was 8.17 X 107 A/m2 o The derived values for 
the circuit parameters were 
L - 8 06 ~._, ~ 
and R 
- .169 Jl 
-
l 
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The agreement of these values derived from Trace (b) 
with those derived from Trace (a) lends credence to 
the assumption of the model used to analyse the dis-
charge circuit . If the model had been greatly at 
variance with the discharge circuit it would be 
expected that a change of a factor of 2 in ringing 
frequencies due to a change in the capacitance of a 
factor of 4 should have resulted in significantly 
different values of t h e derived parameters Land R. 
The conductivity of the gas participating in 
the interaction will be seen in Section 6. 5 to be of 
order 5 x 103 mho/metre. With the electrode geometry 
used this gives an inter electrode resistance of 
order 0 . 02 ohm, which is small compared with the resistance 
of the discharge circuit found above. Thus the interaction 
had very little effect on the discharge current. The 
magnetic field strength in the interaction due to the 
discharge current itself is estimated from the lead 
geometry to be less than 5% of that of the permanent 
magnet . It is therefore neglectedo Values of the 
electrical and magnetic quantities in the interaction 
and discharge circuit are tabulated in Table 6.2.1. 
/ 
1, 
I i 
Magneti c 
Field 
Current 
Current 
Density 
CapaciLbance 
Resistance 
Inductance 
Time of current 
max after commence-
ment of discharge 
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Small 
Current 
.375 
4600 
10 
0 .17 
9 
15 
Table 6 . 2. 1 
Large 
Current 
.375 
8170 
40 
0.169 
8.6 
30 
Units 
Wb/m2 
A. 
A/m2 
µ Sec. 
Electrical and Magnetic Quantities in Experimental 
Interactions . 
.. 
- Ii 
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(iv) Triggering and Synchronisation . 
Figo 6 . 2 . 5 is a diagram of the triggering 
and synchronisation arrangements . From two points in 
the shock tube were derived signals t o trigger the 
me t ering and recording apparatus . 
The first position was a section in the l.inch 
sho ck tube , (Chamber E in fig . 6 . 2 . 1) 8 inches upstream 
from the transition to square section , where a pair of 
elect1odes and a permanent magnet were mounted with 
the orientation of a cross-field MHD generator. Only 
a very slight load was drawn from this device. The 
inside surface of the tube was not interrupted by the 
elements of the generator and the flow was assumed to 
be unaffected by its presence . A potential difference 
of approximately 7 volts appeared between the electrodes 
when the shock heated Argon arrived'jand fell as the 
colder Helium driver passed and the internal resistance 
of the generator became large . The electrode voltage 
was used to trigger one of the traces (trace A) of the 
Tektronix Type- 555 oscilloscopeo 
The Tektronix Type-555 Oscilloscope carries 
two independent time bases (A & B) and a facility to 
delay the start of trace B by an adjustable period of 
-
-
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time after the start of trace A. It also provides 
output pulses which coincide in time with the start 
of the sweeps of the traces. Thus the output pulse 
·coinciding with the start of the delayed trace B was 
available at an adjustable time after the arrival of 
the shock in Argon at the rvIHD generator described 
above. This delayed pulse from the oscilloscope was 
used to trigger the main discharge circuit through a 
three-electrode spark gap. A di play of the output 
voltage of the current sensing pick-up coil described 
in part (iii) of the present section was then written 
by the delayed trace of the oscilloscope. Since the 
trace began to write coincidentally with the triggering 
of the discharge triggering circuit, the period of time 
before the trace deviated from zero was an indication of 
the time necessary for the discharge triggering circuit 
to operateo The triggering circuit derived a high 
voltage from a thyratron pulse circuit connected into the 
primary winding of an automobile ignition coil. The time 
for it to operate is seen from fig. 6.2.4 to be 40-50 
microseconds. 
The delay of the start of trace B was set at 
80 microseconds after the start of trace A, and this 
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together with the time for the discharge circuit to 
operate gave a period of 120 to 130 microseconds from 
arrival of the hock i A gon in th 1 inch tube at the 
MHD generator until the start of the current in the 
interactiono From streak photographs of the interactions, 
such as fig . 6 . 3ol and following , it is seen that the 
start of the interaction current regularly coincided 
very closely with the arrival of the shock in the inter-
action region, and this occurred approximately 40 micro-
seconds after the first appearance of the shock in the 
interaction chambero Fig. 6.2.6 is a streak photograph 
of an interaction in which the delay of the start of 
trace B after the start of trace A on the oscilloscope 
was 60 microseconds. The incident shock is visible up-
stream (to the right) of the interaction region. A shock 
is visible propagating to the left of the interaction 
region before the incident shock arrives because the 
interaction was triggered too earlyo 
The second position in the shock tube from 
which a signal was derived was at the upstream end of 
the interaction chamber (Chamber F of fig. 6 . 2 . 1) . 
Upon the bursting of the diaphragm separating the inter-
a ct ion chamber from the 1 inch tube , light from the 
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luminous gas was conveyed by a bundle of glass fibres 
to the trigger unit of the camera . The trigger unit 
triggered the camera after a delay which could be 
adjusted from Oto 100 microseconds . Both shuttering 
and streaking of the camera were electronic and 
operated upon delivery of the delayed pulse from the 
trigger unit . 
From previous experiments by others on this 
sh ock tu.be us ing _preuG ure 't1"'ansducer9 ru1d phot diod es 
at stations along the tube it has been established that 
with the conditions described in part (i) of the present 
Section , the shock in the 1 inch tube has a Mach number 
of 13 . 7 or a speed of 4480 m/sec. At this speed it 
would reach the transition 45 microseconds after passing 
the MHD generator. If rupture of the diaphragm were 
instantaneous the shock in the interaction chamber 
would reach the interaction region only 85 micro-
seconds after the shock in the 1 inch tube passed the 
IVIHD generator. However the current, which is seen from 
the photographs to start when the shock reached the 
interaction region , is known to have started 120-130 
microseconds after the sh ock in the 1 inch tube passed 
the IVIHD generator . Thus t h e diaphragm in bursting 
delayed propagation of the shock into the interaction 
chamber by 35-45 microseconds . 
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6. 3. Experimental Results 
Fig. 603.1 to 6.3.4 are streak photographs 
of unsteady expansions in Argon before and after part-
icipating in MHD interactions. Four different types · 
of interactions were examined. Two different capacitor 
banks provided different current densities in the inter-
actions, and with each current the magnetic field provided 
an accelerating body force, and when reversed, a decelerat-
ng body force. 
Fig. 6.3.1 is a sample streak photograph of hlle 
interaction with the larger capacitor bank and an accelerat-
ing magnetic field. The maximum current density was 
8.17 x 107 A/m2 , and the magnetic field strength was 
0.375 Wb/m2, as determined in Section 6.2 Part (iii). 
From streak photographs such as fig. 6.3.1 the velocity 
of the shock was found to increase by an average of 
2300 m/seco from 4900 m/sec. to 7200 m/sec. 
Fig. 6.3.2 is a streak photograph of an inter-
action similar to the last except that the magnetic field 
was reversedo The body force was then deceleratingo 
Reversal of the magnetic field was used as a test of the 
contribution in the interaction of lVIHD effects. The shock 
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speed as measured from photographs similar to fig . 6 . 3.2 
was increased by amounts not significantly different from 
those found with the accelerating direction of body force 
in fig . 6.3.1. Following the arguments in Section 4.5 
the conclusion is drawn that in this interaction the 
shock front acceleration is due almost entirely to the 
effects of joule heating, and a larger magnetic field 
strength would be required to make a significant 
contribution to the interaction . 
The interactions using the smaller capacitor 
bank are illustrated by the streak photographs, figs. 6.3.3 
and 6.3.4. The maximum current density was 4 . 6 x 107A/m2 • 
The interaction pictu.red in fig . 6 . 3.3 had an accelerating 
magnetic field of 0.375 Wb/m2 • The shock speed increased 
by an average of 1600 m/sec. from 4900 m/sec. to 6500 m/sec. 
When the magnetic field was reversed the shock speed in-
creased by an average 1200 m/se c. from 4900 to 6100 m/sec . 
Fig . 6 . 3 . 4 illustrates this interaction . The small current 
interaction thus shows a difference between the cases of 
accelerating and decelerating magnetic fields . It follows 
from the arguments of Section 4 . 5 that the MHD effects were 
significant in this interactiono 
101 
The results of these experiments a~e .shown in 
Table 6.3.1 
Magnetic Field : 
Large current density: 
Small current density: 
Average speed of shock 
upstream of interaction: 
00375 Wb/m2 
8.17 x 107 A/m2 
4.6 x 107 A/m2 
4900 m/sec. 
Increase in Shock Velocity (~sec.) 
Body J?orce 
Accelerating Decelerating 
Large Current 2300 
Small Current 1600 
Table 6. 3. 1 
Experimental Conditions and Results . 
60 4. Parameters in the Calculations 
2300 
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Calculations have been made of the effects 
to be expected from the experiments described in 
Sections 6.1 to 6 .3 of this Chapter . 
The parameters used in the calculations are 
generally those used in the earlier chapters and listed 
on introductory page v. Thus e . g . P and t continue to 
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denote respectively the pressure and the non-dimensional 
temperature parameter defined in eqn . (2.1.J). However 
some special subscripts will be introduced to specify 
parameters at various stages of the flow. 
In the x - ~ diagram of fig. (i) four regions 
are designated, vizo, (1), (2), (5 ) and(*). The sub-
scripts ( )1 , ( ) 2 , ( ) 5 and ( )* will be used for 
parameters in these regions. This notation follows 
that of Lin, Resle1 and Knntrowitz8 , Tb~s P1 is the 
pressure of Argon in the 1 inch tube at a point as yet 
not traversed by the original shock. P2 is the pressure 
after the shock has passed. P5 is the pressure after the 
reflected shock has further compressed the Argon. It will 
be necessary to quote velocities relative to coordinates 
which bring the reflected shock to rest. Such velocities 
' will be written with a prime, e . g. q 2 • The corresponding 
velocity in laboratory coordinates is q2 • The gas in 
region 5 is not stationary, but is moving into the 
converging section with a velocity q5 • After acceleration 
through the area reduction the gas velocity is q* at the 
throat, i.e. the point where the area becomes constant 
again. As has been argued in Chapter 1, the gas flows 
with sonic velocity at the throat . 
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After passage through the throat the gas 
enters the unsteady expansion . All its parameters 
change continuously and are quoted without subscriptso 
Across the shock in the interaction chamber, 
subscripts ( )u and ( )swill be used with parameters 
in the unshocked gas ahead of the shock, and in the 
shocked gas behind it, respectively-. 
6. 5. Calculation of Expansion into the Interaction 
Regio o 
As has been remarked above, the shock in Argon 
in the 1 inch tube under the conditions described in 
Section 602 part (i) has been measured by others and 
found to have a Mach number of 13 . 70 Such a shock, from 
the calculations of Lin, Resler and Kantrowitz8 , carries 
behind it the conditions 
T2 - 13000 OK 
CJ. - .07 
~ - .167 Kg/m3 
p2 - 4.82 X 105 n/m2 
q2 - 3730 m/sec 
The flow behind this shock meets, at the left 
hand end of chamber E, an area constriction of a factor 
1/3 . 14 . In a perfect monatomic gas , the area constriction 
which causes choking is 1/1043, but an ionising gas can 
tolerate a greater constriction . 
-
--
... 
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If a reflected shock exists, its speed may be 
determined as follows: A velocity for the reflected shock 
is asswned and the gas conditions behind it are calculated. 
-The flow of the gas behind the reflected shock through a 
steady isentropic expansion with area change is calculated 
and the area change which produces sonic velocity is found. 
Iteration of this procedure determines the shock which 
reflects from the area change used in experiments. 
It i§ evid nt that this procedure will yield 
a solution only if a reflected shock exists. As will be 
seen in the following pages, such a solution can be found 
for the experimental conditions, and the reflected shock 
is therefore assumed to exist . 
Eqns. (6o5ol) to ( 605 .3) below express energy , 
mass and momentum balances respectively across the reflected 
shock 
~ ( 9/ + 1. S '1,( I+ o/1) t 2 + 1- t:1.2 == i (q~)'-+ Z.5 -i( l+Ois) ts-+ 1,· <\:'5 (60 5 . 
I I es q'5" ==- {\_ q1- (6. 5 . 
I 2 Ps +- ~i;(q5) = I 2. ? -i- + {' 1- ( ch) (6. 5. 
Together with the Saha equation (2 .1. 5) and the equation 
of state (2.1.4) they provide five equations in five 
unknowns, solution of which gives the conditions of the 
gas ·behind the reflected shock . The velocity of this gas 
1) 
2) 
3) 
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is subsonic relative to the laboratory . A steady isentropic 
expansion through a duct of varying area is then calculated 
from these initial conditions using the isentropic relation 
between (X and t of eq_n . (2.3.2), 
t 
= Co + '5
1 
(>( + 2 h, ex 
I - 6<. 
the eq_uation fo r conservation of energy , 
the eq_uation for conservation of mass , 
where A is the area of the duct , 
and the Saha eq_uationo 
(6. 5. 4) 
(6. 5 . 5) 
(6. 5. 6) 
Thus the value of A is found where the flow has sonic 
velocity, and the ratio of the area to A5 is the area 
constriction which causes the assumed speed of the 
reflected shock . 
Through a series of trial calculations the 
speed of the reflected shock associated with the experi-
mental area constriction of 1/3 . 14 was found to be 
600 m/sec relative to the laboratory , and the conditions 
behind it to be t5 - . 0853 
61..~ - . 228 
q_5 - 428 m/sec . 
~s- - • 7 Kg/m3 
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When these conditions are changed through a steady 
isentropic expansion to those at sonic velocity the 
result is 
t 
- .0814 
O< ' - .2 
a - q - 1945 m/sec. 
e - .469 Kg/m3 
These values define the head of the centred, unsteady 
expansion which matches them to the velocity and pressure 
behind the shocko 
The variation of gas parameters in the unsteady 
expansion is calculated by the methods described in 
Section 2 o 5. The variation of ()I.. with t is calculated 
according to eqn. (2.3.2) and a and e are calculated 
from them according to eqns . (2.4.4) and (2.1.6). The 
Q 
value of e is then plotted against e in fig. 6. 5 .1 • 
Since 
Q dq == - f de 
the value of q for any value of e may be found by 
graphical integration with the boundary condition that 
where ~ - .469 Kg/m3 , q - 1945 m/sec o In fig. 
X 
a and hence q - a are plotted against 
f, and this enables a plot to be made of q against i. 
ii 
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Such a plot is the full line of fig. 6.5.3. 
The points indicated by crosses in fig. 6.5.3 
are velocities determined from the slopes of streaks on 
streak photographs such as fig. 6.2.3. The velocities 
are generally smaller than the calculated velocities. 
If the measured velocities are interpreted as gas 
particle velociti es , the discrepancy between calculated 
and measured velocities is of order 10%. If, as mentioned 
in Seot1on 6 2 part (i) 1 the measu~ed yelociti©§ ar§ 
interpreted as those of smaller shock waves travelling 
towards the main shock front, the particle velocities 
must be smaller than those indicated by crosses in 
fig. 6.5.3. On this interpretation the discrepancy 
between calculated and experimental particle velocities 
must be larger than on the interpretation that the crosses 
represent particle velocities. 
It is to be expected that experimental particle 
velocities will be smaller than calculated velocities in 
view of the facts that energy m~y be lost from the Argon 
by radiation and also that in the distance travelled from 
the centre of the expansion, the expansion had not become 
fully developed. The existence of streaks testifies to 
this as does the fact that some streaks have greater 
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velocities than does the shock front. The existence of 
frozen ionisation would also reduce the velocities from 
the theoretical values calculated for equilibrium flow. 
In fig. 6.5.4, Curve 1, the theoretical velocity 
is plotted against pressure through the expansion. 
Conditions behind the shock in the interaction 
chamber are found as follows: 
Across strong shocks, 
'2. 
P5 ~ 1 M5 Pu 
where subscripts ( )sand ( )u refer to conditions in 
the shocked and unshocked regions respectively, and Ms 
is the Mach number of the shock. This relation is 
. t 1 t f . · · h k 20 approx1ma e y rue even or 1on1s1ng socs • The gas 
velocity behind the shock is close to the shock velocity. 
When the gas is air at a pressure of 1mm, the pressure 
behind the shock is related to the velocity by 
p 
This parabola is plotted as fig. 6.5.4, Curve 2. 
Since pressure and velocity are continuous 
across the contact surface between the shock heated air 
and the driving Argon, the intersection of Curves 1 and 2 
gives the gas velocity behind the shock to be 6600 m/sec. 
The theoretical shock velocity is slightly greater than this. 
-
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However, since at speeds as high as this in the dissociated 
and ionised air behind the shock . the density ratio across 
the shock is very large, the shock speed is taken to be 
6600 m/sec., equal to the gas speedo This compares with 
the experimental value of 4900 m/sec. The reasons that 
the experimental value falls below the calculated value 
are similar to those given above for the discrepancies 
between theory and experiment in the expansion. 
Conditions or the Gas calculated at several points 
are of interest. In Table 6 . 5.1, gas parameters are given 
(a) 
(b) 
at the throat of the area reduction which 
is at the head of the expansion; 
at the contact surface where the gas 
conditions are the same as at the 
terminating characteristic of the 
expansion; the small current dis-
charge, describeu in Section 6 . 2 Part 
(iii), reaches its peak between these 
two points and thus interacts with 
gas of these characteristics; and 
(c) at the position in the expansion where 
the large current discharge reaches its 
peak value of current, i.e. 30 micro-
seconds after the passage of the shock. 
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1: is the time at which gas of the given 
properties passes the interaction region, situated 
7 inches downstream from the diaphragmo Its units 
are microseconds . 1,'I.K . S . w1i ts are used elsewhere 
in the table . 
(b) ( .c) (a) 
Head of 
Expansion 
Contact Surface, 
Peak of Small 
Current Discharge 
Peak of Large Units 
Current Discharge 
N 25 40 µ Sec. l, 
q 1945 6600 5700 m/Sec. 
a 1945 1730 1820 m/Sec. 
M 1 3 . 8 3 . 13 
p 6 5 2 . 19xl05 2 l . 77xl0 N/m l . 44xl0 
e . 469 · 5o5xlo- 2 8.03xl0 - 2 Kg/m3 
T 14,800 11,500 12,000 OK 
61.. . 2 0 . 076 0.1 
0-
I. 9ol9xlo3 4.7xl03 5xl03 u/m 
Table 6 . 5. 1 
Properties of Gas Entering the Interactiono 
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6. 60 Calculation of Speeds of Accelerated Shocks 
In this Section will be calculated the speeds 
of the accelerated shocks resulting from application of 
the four interactions described in Section 6.1, namely 
with two values of current densities permuted with the 
two magnetic field orientations. 
The current density and magnetic field values 
are exhibited in Table 6.2.1. The values of the thermo-
dynamio and flow parameters of the gas in =th@ expa.nEJion 
at the time when the current densities exist in the 
interactions are given in Table 6.5.1, column (b) for 
the small current and column (c) for the large current 
discharges. 
The products will be determined of the inter-
action involving the small current discharge, with the 
magnetic field orientation such as to provide an 
accelerating body force. The factors determining the 
gas properties downstream of the interaction are the 
gas properties at the entrance to the interaction: 
q 
-
6600 m/Sec 
M 
- 3.82 
p 8.41 X 104 2 - n/m 
T 
- 11,500°K 
o( 
- 0.083 
er' - 4.7 X 103 u/m 
r 
ii 
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and the interaction parameters 
4.6 x 107 A/m2 
+0.375 Wb/m2 
An accurate calculation of the gas changes through the 
interaction would require simultaneous numerical 
integrations of eqns. (3.3.16), (3.3o21), (3.3.22) and 
(3.3o23) from x = 0 at the entrance up to x = 0.01 m. 
at the exit. However, it ~s noted that the factors 
(B - A) and A as defined by eqns. (2.4o5) and (2.4.6) 
have typical values of approximately 0.8 and 0.1 
respectively, and vary only slowly with temperature. 
If they are assumed to be constant with these typical 
values, eqn. (3o3.16) becomes 
I • 
Jy ( Q Jy ) 
P( 2 ) 0.'3 a Dz. - 0, I -M -I -\ Cf' 
3 
The value of ~ 1 varies roughly as T2 
(6. 6. 1) 
(from eqn. 3.4.1). 
The temperature does not vary rapidly because a large 
fraction of the thermal energy change in a partially 
ionised ·gas affects the de gree of ionisation and not 
I 
the temperature. The gradient oft in the interaction 
may be evaluated from eqno (3.3.22) to be 25 per metre, 
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or an increase of 251~ in the length of the int er action 
regiono Thus the value of ~' may be taken as constant 
without introducing serious erroro 
If 3-9. dx is known, the pressure gradient may 
be calculated from the momentum balance equation (3.2.1). 
By virtue of the mass conservation equation (3.1.1) this 
becomes 
- -t- (6. 6. 2) dP 
where fe and C\e. are the values of e and q at the 
entrance . Eqns . (6.6.1) and (6.6.2) may be solved 
together. Thus with the approximations described velocity 
and pressure are calculat ed through the interaction with a 
considerable saving in computation. When the velocity is 
known, the density follows from the equation . of mass 
conservation (3.1.1) and from the pressure and the 
density, the temperature and the ionisation fraction are 
found through the thermodynamic relations presented in 
Chapter 2. 
Fig. 6 . 6.1 is a graph of the parameters q, P, 
6( and t through the interaction length of 1 cm. At 
the exit their values are 
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q ~ 6820 m/sec. 
p ~ 2o26 X 105 n/m2 
~ ~ 0.38 
t ~ 0.08 or T ~ 14,600 OK 
The variation of P and q describes a path, curve 3 
of fig . 6 . 5o4 , on the pressure velocity diagram. 
The higher pressure end of this path represents the 
gas conditions at the exit . 
The xit Gas propert · es are matched to the 
values behind the shock through an unsteady expansion. 
The expansion is calculated similarly to the calculation 
of curve 1 in fi g o 6 . 5 .4 described in Section 6.5. The 
result is curve 4. It intersects the curve 2 describing 
the conditions behind the shock at the point where the 
velocity is 7400 m/sec. As before, this gas velocity 
is taken to approximate the shock velocity. 
Thus the result of the small current inter-
action with the accelerating magnetic field orientation 
is an increase in shock velocity of 800 m/sec from 
6600m/sec to 7400 m/sec. This is to be compared with 
the experimental inc rease of 1600 m/sec from 4900 rn/sec 
to 6500 rn/sec. 
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When the magnetic field is reversed , the gas 
passage through the interaction is calculable in the same 
way as before . Eqns. (6.6 . 1) and (6.6 . 2) are again used 
with the difference that the applied magneti_c field is 
now negative . The velocity gradient at the entrance is 
now - 6 . 96 x 104 m/sec/m. The corresponding pressure 
gradient is 7. 9 x 106 n/m2/m. Thus the velocity is 
initially decreasing and the pressure is increasing in 
this interaction . The exit velocity and pressure f ollow 
as before from numerical integration of eqns . (6.6.1) and 
( 6 . 6 . 2 ) through the interaction and the results are 
and 
q 
p 
6200 m/sec 
2.2 x 105 n/m2 
The path through the interaction is shown in the pres 3ure-
velocity diagram, fig. 6.5.4 as curve 5. The corresponding 
shock speed is found from the unsteady isentropic expansion 
which is plotted as curve 6, matching the exit gas conditions 
to those behind the shock. The shock speed is thus found 
to be 7000 m/sec ., showing an increase of 400 m/sec on the 
unaccelerated speed of 6600 m/sec. The experimentally 
observed increase was 1200 rn/sec . , increasing the shock 
speed to 6100 m/sec. 
.... 
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The discrepancy between experiment and theory 
with the reversed magnetic field is of the same order as 
was seen with the accelerating magnetic fieldo These 
results are tabulat ed in table 6.6.lo 
Initial 
Velocity 
Field 
Accelerating 
Field 
Decelerating 
heory 
6600 800 400 
Experiment 
4900 1600 1200 
_____ ... ..........___...___._ . _____ _ 
Table 6 . 6 . 1 
Shock speed increases with small current 
interactions. Units are metres per second. 
In both cases the shock speed increusos were greater 
in the experiment than those predicted in the theoryo 
This may be due to the following factors: 
(a) If the gas had cooled by losing heat to 
the chamber walls, its conductivity would 
be reduced so that the pressure rise in the 
interaction due to joule heating would be 
greater than foQnd in the above calculation. 
1 
I' 
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(b) The experiments of Lamb and Lin21 . show that 
the conductivity of the shock heated air is 
lower than that calculated here for the 
Argon driver by a factor of two or three . 
If this shock heated air has not had time 
to reach equilibrium its conductivity may 
be even lowero The shock heated air must 
be assumed to have diffused across the 
contacts rface into th cooler Argon, 
and thus in cooling and mixing recluced 
the conductivity of the gas in which the 
interaction took place . This would add to 
the effect described in (a) above. 
As was discussed in Section 4.5, the change 
in shock-velocity following reversal of the magnetic 
field is an indication of the relative contributions 
to the interaction of TvII-ID effects and joule he ating 
effectso Where MHD effects are significant, reversal 
of the magnetic field affects the shock velocity. 
The entries in Table 6 . 6 .1 suggest that MHD effects 
were stronger in the theoretical model than in the 
experiments . This interpretation is consistent with 
the suggestion in the previous paragraph that the 
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conductivity of the gas in the experiment was lower 
than that calculated in the theory. 
The speedsof the shocks accelerated by the 
large current interactions with the two field orientations 
may bo alculated as was done with the small current inter-
actions . The gas conditions at the entrance when the large 
current reached its maximwn value are listed in colunm (c) 
of Table 6.5.lo 
When the magnetic field is applied in the 
accelerating direction, integration of eqns. (6.6.1) and 
(6 . 6 . 2) through the interaction yields the gas properties 
at the exit to be 
q 
p 
t 
6700 m/sec 
5 . 36 x 105 n/m2 
Oo98 
0.13 or 23,500 °K 
It is to be noted that for such a high level 
of ionisation the model of the singly ionising gas , and 
the Saha equation based on it fail completely. The gas 
is multiply-ionised and the ele ctrons remaining in the 
ions and atoms are excited to higher levels than their 
ground states. If the head of an unsteady expansion has 
a given density and enthalpy, perfect non-ionising gas 
-
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theory predicts a higher shock velocity than does 
ionising gas theory. This is because the ionised gas 
has greater entropy, which is a measure of the heat 
energy unavailable for conversion to kinetic energy. 
The same is true of a comparison between singly and 
doubly-ionising gas theories . It is true wherever a 
given addition of heat produces a greater temperature 
increase in one theory than in the other, because the 
resulting entropy is smaller in the first theory than 
in the second. Thus a gas which undergoe$ multiple 
ionisation and electronic excitation gives a lower 
shock velocity because of both phenomena than does a 
simple, singly ionising gas . In the absence of a 
simple theory for the multiply-ionising gas, the 
present theory is persisted with and an isentropic 
expansion is calculated from the above parameter 
values. 
In fig. 6.5.4, curve 7 is the path of the gas 
properties through the interaction. The large current 
reaches its maximum value later in the expansion than 
does the small current (see table 6.5.1) and hence 
curve 7 begins at a higher pressure and lower velocity 
than do curves 3 and 5. Curve 8 is then the path of the 
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gas properties through the expansiono The intersection 
of curve 8 with curve 2 shows the accelerated shock 
·velocity to be 8500 m/sec representing a shock velocity 
increase of 1900 m/seco 
The experimentally measured speed of the 
accelerated shock was 7100 m/sec ., showing an increase 
of 1600 m/sec. 
When the calculation of the effect of the large 
current is repeated with the magnetic field reversed, 
the speed of the accelerated shock is found to be 6950 m/sec 
or only 150 m/sec less than that accelerated by the inter-
action with the accelerating direction of magnetic field. 
Experimentally no difference was observed between the 
shock speeds after the interactions involving accelerating 
and decelerating magnetic field orientations. Following 
the arguments of Section 4o5 the conclusion is drawn that 
the MHD effects were insignificant compared with the 
effects of joule heating. The results of the two large 
current interactions are presented in Table 6.6.2. 
-
Initial 
Velocity 
Theory 
6600 
Experiment 
4900 
121 
Field 
Accelerating 
1900 
Field 
Decelerating 
1750 
--------·---- . _......... ______________ _ 
1600 1600 
Table 6 . 6.2 Shock speed increases with 
large current interactions. Units are 
mete per second. 
Here, unlike the small current interactions, 
the theory predicts a greater increase in shock speed 
than was found experimentally. The effect suggested to 
explain the discrepancy between theory and experiment in 
the small current interactions , namely diffusion of the 
lower conductivity air into the Argon driver, is likely 
to be less evident in the large current interaction whose 
current maximum occurs further from the contact surface. 
Hence it is not to be expe cted that the experimental 
acceleration will exceed its theoretical value to the 
same extent as after the s mall current interaction . 
Two further arguments which suggest lower shock speed 
increases than calculated are 
---
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(a) The driver gas after the interaction continues 
to lose energy by radiation, but the loss is 
at a greater rate than upstream of the inter-
action because the gas is now much hotter and 
contains a greater amount of energy in the 
form of excited electrons which would normally 
be released through radiation. 
(b) The singly ionising gas theory predicts a 
higher shock velocity than would a more 
accurate theory which took into account 
multiple ionisation and electronic excit-
ation. 
6. 7. Relation between Theory and Experiments 
Some of the theory developed in the previous 
chapters, notably that of Chapters 4 and 5, has been used 
to predict the results of the experiments. Qualitative 
agreement in all cases has been found. Quantitive 
agreement has not been demonstrated but the departures 
from the theoretical predictions have been seen to take 
the directions to be expected if the known discrepancies 
between the experimental conditions and the theoretical 
model assumed had been taken into account. 
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No attempt has been made to test any of the 
theory developed in Chapter 5 . Experiments to do this 
.would require tailoring the current density and the 
magnetic field in the interaction to the specifications 
given in Chapter 5, together with the use of a greatly 
increased length of shock tube. Changes in shock velocity 
in the short length of tube downstream of the interaction 
were not detectable by the methods used here to measure 
velocities . 
6 . 8 . Appendix: Calculation of Matching Current 
and Magnetic Field 
In this section the variations of the current 
density and the magnetic field will be found, which if 
applied to the expansion calculated in Section 6.5 would 
accelerate the shock and thereafter maintain its apeed 
constant. 
The variation of current is specified by 
eqn . (4 .4.1), which determines that the expansion will 
remain isentropic after the interaction. 
(4. 4. 1) 
. 
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The variations in (J I 
' 
T ' 9 and as functions 
of time have been determined as described in Section 6050 
Thus eqn . (4 . 4 .1) may be plotted in the form of j1 /(Cl)l vs. t:. 
Such a plot has already been presented as fig . 4 .4 .1. 
If gas conditions at the moment at which the large current 
reached its maximum value are taken as boundary conditions 
then Cl may be determined from eqn. (4.4.1) to be 
Cl 3 . 29 x 106 j oules/Kg/°K/m _ 
Thus with a suitable change of vertical scale, fig. 4.4.1, 
Curve 1 shows the current variation required. The super-
imposed sinusoidal waveform, curve 2, has a half-period 
equal to that of the large current discharge and shows 
that approximate matching occurred over a short period 
only. 
The magnetic field variation is specified by 
eqn . (502 .15) . The constant 02 is given by eqn. (5.2.14) 
to be 
02 9. - a q 
Q.9. 
dx • 
With the boundary conditions quoted above 
C2 7 . 32 x 103 m/sec/m . 
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Plots of eqn. (5.2.1 5) for the expansion assumed in the 
02 experiment have been made with the quantity 01 as 
parameter and have been presented in fig . 5.2.2. With 
the above values of Cl and 02, the parameter is close 
to zero . Thus with the appropriate change of vertical 
02 
scale, the curve in fig. 5 . 2 . 2 with 01 - 0 as 
parameter indicates the necessary magnetic field variation. 
With the value of Cl stated above, the requirement of 
figo 5.2.2 is a magnetic field which increases from zero 
to approximately 4 Wb/m2 in 40 microseconds. The provision 
of a pulsed field with these characteristics is a practical 
possibility. 
I 
7o CONCLUSION 
7. 1 . The Theory 
The thermodynamics of singly-ionising monatomic 
gases have been used to derive equations governing ~IHD 
interactions in constant area ducts . Such interactions 
are more commonly described on the assumption that the 
interacting gas is calorifically perfect. It has been 
shown that the ionising gas equations are similar to the 
perfect gas equationswith the exception that certain 
constants in the latter are replaced by thermodynamic 
variables which change only slowly with temperature. 
An analysis has been made of the effect on a 
sho ck front of an MHD interaction in the gas flow behind 
the shock and in the expansion in the driver gas. It 
has been concluded that if a shock driven by a driver 
containing an unsteady expansion is to be accelerated 
by the application of an IvlliD interaction in the driver , 
the interaction becomes more profitable as it is applied 
at points of lower density in the expansion. This con-
clusion is based on the criteria of the maximum acceler-
ation possible before the interaction produces a reflected 
shock , and economies of both current density and magnetic 
field strength necessary to produce a given acceleration. 
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If the interaction begins at the contact 
surface between a shock induced flow and the driver 
gas , and continues into .the unsteady expansion which 
· usually exists in the driver, the character of the 
interaction must change if the shock speed is to remain . 
constant after acceleration by the interaction. The 
current and field variations necessary have been found 
to increase with time. The variations with time are 
such that they may be approximated over a period by 
part of a sinusoidal waveform. In a typical case 
considered the short-term matchings may be easily made 
with existing techniques for producing pulsed currents 
and fields . 
The theory of IvlHD flows was confined to the 
effects of interactions in short interaction lengths 
in which changes in the gas passing through were small. 
If this assumption does not hold, as it does not in the 
experiments desqribed in Chapter 6, then some of the 
conclusions reached may need to be modified. If the 
interaction length is short, then only small changes are 
to be expected in the shock speed. As has been seen in 
Chapter 6 moderate increases in shock speed resulted 
from the application of interactions in which gas 
properties change by more than a small fraction of 
-.. 
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their values at the entrance. Thus it would seem that, 
if the theory is to be put to an application where a 
large increase in shock speed is required, it should 
be extended to accommodate large changes in gas 
properties through the interaction. 
However the value of such an extension to the 
theory is doubtful in view of the large discrepancies 
between theory and experiments observed in Chapter 6. 
It would be more profitable to discover experimentally 
the conditions under which the interactions of greater 
length may be made to accelerate a shock and maintain 
its new velocity constant .. In such an effort the 
'conclusions based upon short interaction lengths might 
be taken as indications to be used for scaling the 
initial experimentso 
7. 2. The Experiments 
The experiments have shown that acceleration 
of the shock front may be achieved by application of an 
MHD interaction in the unsteady expansion in the driver 
gas . The effect of the MHD body force was significant 
in its contribution to the shock acceleration in one 
experiment, but was negligible in the other where the 
current was larger. 
-
I, 
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The existence of the magnetic field, and thus 
of the MHD body force, may in some circumstances 
contribute only slightly to the shock accelerationo 
However , if the body force exists and has such a 
direction as to accelerate the gas participating in the 
interaction , the gas particle velocity will be accelerated 
more , or decelerated less, than if the body force did not 
exist. On the other hand the pressure and temperature, 
and thus the acoustic velocity, will be increased less 
or decreased more, as the case may be, in the presence 
of the body force . Thus an accelerating body force 
results in a higher Mach number of the flow in the 
interaction . Therefore, use of the magnetic field 
forestalls choking at the exit of the interaction 
and so raises the current density which may be applied 
before a reflected shock travels upstream from the 
entrance to the interaction . 
The experiments were not designed to test in 
detail any of the theory in the preceeding chapters. 
However some of the theory developed in Chapters 2 and 
4 has been applied in the calculation of the speeds of 
the accelerated shocks of the experiments. The theory 
was able to predict that the acceleration should be 
--
r 
• " 
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greater following the interaction with the larger current 
than with th.e smaller, and more significantly, that the 
difference between the effects of the interactions with 
accelerating and decelerating magnetic fields should be 
measurable after the small current interaction but not 
after the large current interaction. 
In all cases observed departures from theoretical 
predictions were in the directions expected to result from 
the effects of non ideal behaviour of the gas. 
7. 3. Further Work 
The first suggestion for further work must be . 
experimental testing of the conclusions of Chapter 5 
concerning the current and field waveforms which should 
maintain the accelerated shock velocity constant. None 
of this section of the theory has been examined experiment-
ally. The idealisations and assumptions made during 
development of the theory do not include many effects 
which are to be expected in practice. Thus the whole 
of Chapter 5, which remains untested by experiment, 
depends for its validity upon the assumption of small 
fractional changes in gas properties through the inter-
action. In the light of the experiments, it seems that 
substantial gains in shock speed are achievable only if 
the gas properties change by more than small amounts. 
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Thus the conclusions of Chapter 5 must be tested for 
their validity under conditions which satisfy the 
assumptions on which they are based, and further 
experimental investigation must be performed to deter-
mine whether these conclusions will serve as indications 
of the behaviour of interactions in which the assumptions 
are not satisfied . 
In Section 4.4 the suggestion was made that 
the production of an isentropic simple wave expansion 
downstream of the interaction was perhaps only one of 
many ways in which the accelerated shock speed could be 
maintained constant. The specification of constant 
entropy was made because isentropic expansions are 
well understood and it was assumed that simplification 
of the theory would result from ito However it complicates 
control of the interaction because it follows from this 
that two quantities (current density and magnetic field) 
must be controlled. It is possible that if the constant 
entropy specification were relaxed only one of the inter-
action quantities would need to be controlled. In this 
case the required experimental apparatus would be 
simplified in that, for example the magnetic field 
could perhaps be supplied by a permanent magnet thereby 
eliminating associated synchronisation and power supply 
.... 
r: 
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problems . Relaxation of the constant entropy specific-
ation would require application of a theory of shocks 
driven by unsteady non-isentropic expansions. All the 
conclusions of Chapters 4 and 5 concerning the effects 
of interactions on the shock speed and matching the 
interaction . to the expansion would need to be modified. 
In conclusion the following suggestions for 
further investigation are made: 
(a) Experiments should be conducted to 
determine whether application of the 
current density and magnetic field 
variations presented in Chapter 5 will 
produce a shock with constant speed 
after acceleration. 
(b) The effects of interaction lengths longer 
than those considered in Chapters 4 and 5 
should be investigatedo It is suggested 
that this would most profitably be done 
by experiment. 
(c) The effect should be found of relaxing 
the requirement accepted in this project 
of an .isentropic expansion between the 
interaction and the shock . If this is 
possible , simplification of the experimental 
apparatus may follow . 
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